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ABSTRACT
A modeling study was carried out on the chemistry of
fullerenes formation in premixed benzene-oxygen flames. A
detailed kinetic mechanism was constructed for the formation
of fullerenes C60 and C70 in flames, based on types of reactions
used in describing growth of polycyclic aromatic hydrocarbons
(PAH), and including additional chemical processes needed to
describe evolution of the unique structural features of
fullerenes. The mechanism consists of types of reactions,
each characterized with an approximate rate coefficient,
including processes for ring formation (via H-atom
abstraction, C2H2 addition, and cyclization leading to ring
closing), reactive coagulation of aromatic molecules, and cage
closing via H2 elimination and ring closing, but also allowing
for additional processes such as intramolecular
rearrangements.
Curved PAH, including benzo[ghi]fluoranthene (C18H10) and
dibenzo ghi,mno]fluoranthene (corannulene, C20H10) , are likely
fullerene precursors. Corannulene and related PAH of C5,
symmetry were key intermediates in the 124-reaction fullerene
formation mechanism. Trivial nomenclature for the C5,intermediates was also introduced. Thermodynamic properties
and transport parameters for all the species in the mechanism
were estimated, based on an extension of existing techniques
to allow for consideration of curved PAH.
Preliminary kinetic testing of the mechanism, using
approximate rate coefficients based on analogous flat PAH
reactions, showed the mechanism to be plausible within the
uncertainties of the rate coefficients and the experimental
data on fullerenes formation rate. The predicted fullerene
formation times extended over a range that includes the
experimentally observed times. Predicted fullerene formation
rates were increased strongly by increased C2H2 and decreased
H2 concentrations, and moderately by increased H-atom
concentrations. Predicted trends in fullerene formation with
respect to temperature and pressure exhibited encouraging
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consistency with experimental data. Inconsistencies
reflecting the preliminary nature of the kinetic testing were
also seen. Similarities between growth species in flames and
carbon vapor systems implied that much of the mechanism may be
pertinent to fullerene formation in carbon vapor systems.
Modeling results using the detailed mechanism were
consistent with a global reaction first-order in fullerene
precursor preceded by an induction time. Rate-limiting steps
in the mechanism were found to be 1) ring formation from the
initial fullerene precursor up to C30 HIO, and 2) intramolecular
rearrangements in the cage-closing reaction sequence. The
preliminary modeling results were compared to experimental C60
and C70 mole fraction profiles by a convolution based on an
approximate transfer function for the mechanism, with the
comparison reinforcing the finding of the mechanism's kinetic
plausibility.
Thesis Supervisor: Dr. Jack B. Howard
Title: Professor of Chemical Engineering
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Chapter 1 -- Introduction
Carbon can safely be considered to be the most widely
studied element in the periodic table. Its unique property of
homocatenation, the ability to form extended sequences of
covalent bonds with itself, gives carbon chemistry such a
broad scope that an entire field within chemistry is devoted
to the study of carbon compounds: organic chemistry. The
importance of carbon is not purely academic. At perhaps the
most fundamental level of importance, all known living things
are composed of carbon. The name "organic" chemistry derives
from the fact that all known terrestrial carbon either is or
was a part of something living. As a result, the fields of
biochemistry, biology, and medicine require knowledge of
organic chemistry. "Dead" carbon is also of immense
importance, not only in carbon-based chemical products such as
plastics (polymers) and pharmaceutical compounds, but also
since combustion of previously alive plant carbon in the form
of hydrocarbons, whether it be wood, peat, coal, or oil, is
the major source of energy willfully utilized by humans,
either directly as heat, or indirectly by conversion to other
forms such as electricity. The pure forms of carbon are also
of interest. The two forms that had been studied are graphite
(stacked layers of aromatic sheets of sp2 carbon) and diamond
-15-
(an extended crystal of sp 3 carbon). Beyond direct use of
graphite, fuels which are nearly all carbon, such as coal and
coke, have a very high aromatic content and as such
approximate graphite's structure. Diamond's unique structure
makes it the hardest known substance, giving it many practical
applications, but also making it extremely difficult to
utilize. Diamond's most well-known uses are economic and
cultural, as the most highly valued gemstone.
Therefore, carbon and its compounds are ubiquitous and of
immense importance, and as such they have been and continue to
be thoroughly studied. Against the background of over a
century of scientific research, it was therefore quite a
surprise to find that human knowledge of the compounds of pure
carbon was incomplete. With the discovery of fullerenes,
spheroidal all-carbon clusters, in 1985 (Kroto et al., 1985),
a new chapter opened in the field of carbon chemistry.
Fullerenes, unlike graphite and diamond, are of finite size,
with the 60-atom cluster showing especial stability. In
search of a suitable structure, the discovers were inspired by
the ideas of Buckminster Fuller, an architect, among whose
contributions was the use of geodesic domes as buildings. The
structure conjectured was that of a truncated icosahedron with
a carbon atom as each of the vertices -- an all-carbon
soccerball (or football, for those outside of the United
States). A truncated icosahedron is an Euclidean solid
composed of 20 hexagons and 12 pentagons, with none of the
-16-
pentagons abutting. The name given for the new C60 molecule
was Buckminsterfullerene. The entire class of spheroidal
carbon clusters has since come to be called either
"fullerenes" or "buckyballs" 2 .
All the fullerenes share certain structural features.
Stable fullerenes have an even number of carbon atoms. A Cn
fullerene has exactly 12 pentagons and (n/2 - 10) hexagons
(Zhang et al., 1986). Fullerenes which are stable enough to
be collected obey the "isolated pentagon rule" (IPR) -- none
of the 12 pentagons in the structure can be adjacent to
another pentagon (Schmalz et al., 1988) . C60 is therefore the
smallest IPR fullerene. C70 is the next largest IPR fullerene
possible, and is also stable and prevalent. Other fullerenes
which have been collected and studied include C76, C78, and Cs.
One of the earliest speculations concerning fullerenes
was their possible formation in flames, even to the point of
being likely soot precursors (Zhang et al., 1986; Kroto and
McKay, 1988). Soot is carbonaceous particles formed during
combustion. Soot is necessary in furnaces because it radiates
heat to the walls. Also, carbon black, a specially-prepared
form of soot, is a commodity chemical, used in such products
as automobile tires, and inks. Polycyclic aromatic
hydrocarbons (PAH), are soot precursors, and also adsorb to
2My observations (more than casual, but Less than rigorous) on the choice of which of the two
terms is used seems to indicate a trend toward use of "fullerenes" by those working in the chemical
sciences, and "buckybalts" by those in the physics and material science areas. My personal choice
is apparent even from my thesis's title.
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soot surfaces. Soot is a particulate pollutant of respirable
size, transporting PAH, many of which are mutagenic and/or
carcinogenic, into living systems. Molecular weight growth
processes leading to PAH and soot in flames have been
extensively studied (Frenklach et al., 1984; Frenklach and
Warnatz, 1987; Bauer and Jeffers, 1988; Harris et al., 1988)
motivated by the above reasons.
Even though the idea of fullerenes being soot nuclei
received a critical response from those in the combustion
field who studied soot formation (Frenklach and Ebert, 1988;
Baum, 1990), nevertheless, fullerenes were searched for in
flame environments. The group of Homann (Gerhardt et al.,
1987; Gerhardt et al., 1989) observed ionic pure-carbon
species in premixed laminar benzene/oxygen flames by time-of-
f light mass spectrometry (TOF-MS) , with C50, C6, and C70 ions
being prevalent. Meanwhile, at MIT, evidence pointing toward
the existence of neutral fullerenes in premixed laminar
benzene/oxygen flames came from analysis of on-line molecular-
beam mass spectrometry (MBMS) data (Pope, 1988) from a near-
sooting flame (Bittner, 1981; Howard and Bittner, 1983), and
fast atom bombardment (FAB) mass spectrometry (McKinnon and
Howard, personal communication) on a soot extract from a
sooting flame. However, the evidence was far from conclusive.
In the meantime, theoretical studies on fullerenes,
especially C6, revealed interesting properties which could be
of use in characterizing C6 by chemical analysis, once enough
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of it could be isolated. (See reviews such as Kroto et al.,
1991. The present chapter is more of an historical overview
of relevant soot research than a comprehensive review.
Chapter 2 is devoted to review of mechanistic concepts of
fullerene, PAH, and soot formation and of fullerene formation
in combustion.) Due to its symmetry (truncated icosahedral --
point group Ih) , the 13C-NMR spectrum of C60 would have only one
peak, and that of D5h-symmetry C70 would only have five peaks.
Studies of the vibrational modes of C60 predicted that only
four of its vibrational modes would be IR active (Stanton and
Newton, 1988). The only problem was making enough fullerenes
to analyze.
The laser ablation technique (Kroto et al., 1985; Zhang
et al., 1986) could only make microgram quantities of
fullerenes. Chapman (Diederich and Whetten, 1991) tried to
build C6 via traditional organic synthetic routes, one of the
more interesting being attempted dimerization of two halves
each containing 30 carbon atoms. In mid-1990, Kraetschmer and
Hoffman (Kraetschmer et al., 1990) produced milligram
quantities of fullerenes by passing an electric arc between
two graphite electrodes in the presence of helium at sub-
atmospheric pressures. The carbonacous soot collected on the
walls of the reactor was extracted with toluene. (This
process is still the most common way of producing fullerenes.)
Enough fullerenes were produced to subject to chemical
analysis. The predominant fullerene product is C6, with a few
-19-
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Figure 1.1. Three-dimensional structures of C60 and C70 (from
Kroto et al., 1991).
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percent of C70, and traces of other fullerenes (e.g. C76, C78,
C8, C90). The soccerball structure of C60 was confirmed, as was
the D5h "rugby ball" structure of C70. Figure 1.1 shows the
structures of C60 and C70 (from Kroto et al., 1991).
The flood of analytical chemistry findings on C60 and C70
allowed samples from other sources to be tested for the
presence of these fullerenes. The discovery of fullerenes in
the MIT flames is worth retelling (Thomson, 1991). J. Thomas
McKinnon completed a Ph.D. thesis on soot particle inception
in combustion (McKinnon, 1989). As mentioned above, his flame
was one of those which was suspected to be producing
fullerenes. By late 1990, when these ideas could be tested,
there was the problem of finding a soot sample from the long-
ago-finished work of McKinnon. After each experimental run of
McKinnon's flame, soot was cleaned from the chamber with a
vacuum cleaner. A sufficiently large sample was collected
from the virtually-empty vacuum cleaner bag to analyze.
Fullerenes were indeed found. To confirm these findings, in
late December of 1990 and early January of 1991, McKinnon and
his Ph.D. advisor, Jack B. Howard, performed several runs
under conditions expected to yield fullerenes. They then
conclusively found C60 and C7O to be produced in low-pressure
benzene flames (Howard, et al., 1991).
Just as concepts of the chemistry of pure carbon was
expanded by the discovery of fullerenes, the molecular-weight
growth chemistry in flames now included more than planar (and
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nearly-planar) PAH and round soot macromolecules. Later
findings from the MIT group (Howard, et al., 1992a; Howard, et
al. , 1992b; Mitra et al. , 1992) show that while sooting flames
are the most prolific fullerene producers, non-sooting flames
can produce C60 and C70, confirming earlier speculations (Pope,
1988). Furthermore, others had found that not all soot-
producing combustors make fullerenes (Malhotra and Ross,
1991). The relation, therefore, between fullerenes and soot
was more complex than had been previously thought. Therefore,
the mechanism of fullerene formation in combustion was a topic
suitable for further study.
At the time of finding fullerenes in flames (January
1991), my Ph.D. thesis topic changed from the studying the
chemistry of large PAH growth and soot particle inception to
modeling of fullerene formation in flames.3 A background in
PAH and soot growth chemistry was well-suited for extension to
include the new kids on the block, the fullerenes. Fullerene
formation could be placed within the existing conceptual
framework of molecular weight growth processes in flames;
instead of trying to revise pictures of soot and PAH formation
from a "fullerene-centered" perspective. In that sense, the
work can be called conservative in its view.
3Not only did I welcome the opportunity to work in such a frontier field, but McKinnon's
excellent study of soot particle inception also proved to be a hard act to follow, since new ideas
in the mature field of soot formation were getting progressively harder to test. My personal
opinion is that study of fullerenes in combustion will return to enhance work on PAH and soot. One
such example is the increased awareness of the presence of 5-membered rings in PAH and of their role
in PAH chemistry.
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THESIS OBJECTIVES
The overall focus of this thesis is a theoretical
exploration of the chemistry of fullerene formation, with
emphasis on C60 and C7%, in combustion. To this end, a detailed
chemical mechanism for C60 and C70 formation is constructed,
based. on types of reactions known to occur in PAH. The
mechanism is based on strongly curved PAH of C5, symmetry.
Since most of the intermediates in the mechanism have not been
detected, let alone characterized, thermochemical and
transport properties are estimated via group additivity
methods.
Since the mechanism by itself is speculative, a
preliminary test of kinetic plausibility is performed. Due to
the limited ability of existing chemical mechanisms to predict
key species in the mechanism, such as H, H2 , and C2H2, modeling
via flame-code simulations was considered unreliable. A plug-
flow simulation, only considering the fullerene formation
mechanism, was used, with inputs for species concentrations
taken from flame data. Rate coefficients for corresponding
planar PAH reactions are used as a first approximation. After
kinetic plausibility is established, the ability of the
mechanism to predict species profiles and formation trends
with respect to temperature and pressure are explored. To
compare the plug-flow model results, in which a PAH is a
starting material, to flame data, in which the fullerene
precursors are intermediates, a mathematical convolution of
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the model data is employed. A detailed exploration of rate-
limiting steps in the mechanism, including study of the
selectivity in terms of the predicted C70/C60 ratio, is
performed.
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Chapter 2 -- Background
This chapter presents a review of the literature on the
molecular weight growth processes that lead to the formation
of PAH (polycyclic aromatic hydrocarbon) and soot formation in
combustion followed by a survey of published concepts of the
mechanisms of fullerene formation.
OVERVIEW OF MOLECULAR WEIGHT GROWTH CHEMISTRY IN FLAMES AND
EXPERIMENTAL SYSTEM
Fullerenes, pure carbon molecules with closed cage
structures consisting of five- and six-membered rings, have
been intensely studied both experimentally and theoretically
since their discovery in 1985 (Kroto et al., 1985).
Fullerenes are formed in vaporization of graphite or diamond
(by laser, electric arc discharge, or plasma) (Kroto et al.,
1991) and in low-pressure flames. Flame-produced fullerenes
were observed first in ionic form (Gerhardt et al., 1987;
Gerhardt et al., 1989) and later as neutral species (Howard,
et al., 1991; McKinnon et al., 1992) in low-pressure benzene
flames. The fullerenes most prevalent in flames are C60 and C70
(Fig. 2.1), which are the focus of the present work though the
concepts discussed are pertinent to other fullerenes.
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Figure 2.1. Modified Schlegel projections of a) C6 and b)
C70. Subsequent figures depicting fullerene precursors will
be based on these projections.
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Previous discussions of chemical mechanisms of fullerene
formation have described general features of the process
(Kroto et al., 1991; Haufler et al., 1991), but detailed
mechanisms have not been proposed.
Fullerene formation in flames can be viewed as a
molecular weight growth process, analogous to formation of
polycyclic aromatic hydrocarbons (PAH) and soot. Molecular
weight growth processes leading to PAH and soot in flames have
been extensively studied (Frenklach et al., 1984; Frenklach
and Warnatz, 1987; Bauer and Jeffers, 1988; Harris et al.,
1988), with motivation from environmental, industrial, and
purely scientific interests. Relevant features of the
combustion chemistry are reviewed below. Briefly, the
molecular weight growth reactions include addition of small
molecules, e.g. C2H2, to a larger aromatic structure, as in PAH
growth and soot surface growth, and addition of larger, PAH,
molecules to other such molecules, as in soot particle
inception, and to soot, i.e. another mode of surface growth.
Important differences exist between the mechanism of flat
PAH formation and that of fullerene formation. To produce
fullerenes, curvature is introduced by the inclusion of five-
membered rings (5-rings) in the growing PAH, thereby straining
the structure and affecting the energetics. All fullerenes
contain, in addition to six-membered rings (6-rings) , exactly
twelve 5-rings. Published analyses of PAH growth sequences
are largely concerned with PAH containing only 6-rings (PAH6) .
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Figure 2.2. Several flame PAH6 observed (Prado et al.,
1976; Bittner and Howard, 1981; Bockhorn et al., 1983).
text for nomenclature.
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See
Figure 2.3. Selected flame PAH5/6 (Prado et al., 1976;
Bittner and Howard, 1981; Bockhorn et al., 1983) of possible
relevance to fullerene formation. See text for
nomenclature.
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Major flame PAH6 observed (Prado et al., 1976; Bittner and
Howard, 1981; Bockhorn et al., 1983; Homann, 1984) are shown
in Fig. 2.2: a) naphthalene (CIOH 8 ) ; b) biphenyl (C12HIO); c)
phenanthrene (CIAHO) ; d) anthracene (C 4HIO) ; e) pyrene (CH1O) f)
benzo[a]pyrene (C20H) ; g) benzo[e]pyrene (C2 H1 ) ; h) perylene
(C20H) ; i) benzo[ghi]perylene (C22H) ; j) anthanthracene
(C22H 2) ; k) coronene (C24H 2) . Most of these compounds have the
most peri-condensed structures (the mostly tightly-packed ring
configurations) possible. However, the existence in flames of
PAH containing both 5-rings and 6-rings (PAH5/6) is well-known
(Prado et al., 1976; Bittner and Howard, 1981; Bockhorn et
al._, 1983; Homann, 1984) . Several such flame PAH5/6 are shown
in Fig. 2.3: a) acenaphthalene (C12HIO), b) fluorene (C13HIO), c)
cyclopenta[fg]acenaphthalene or pyracyclene (C14 H), d) 4H-
cyclopenta[def]phenanthrene (CH 1O), e) fluoranthene (CH1O), f)
benzo[ghi]fluoranthene (C18HIO) , g) cyclopenta[cd]pyrene (C18HIO).
(Note: The existence of pyracyclene in flames is not
confirmed.) PAH5/6 have already been observed to account for
more than half of the PAH inventory in flames (Lam et al.,
1991), and the fraction continues to increase as more of the
PAH in flames are identified by extending the analyses to
larger molecular weights (Lafleur, personal communication).
The 5-rings in flame-generated PAH reported in
publications to date are located in the periphery of
molecules, as dicyclopenta[cd,fg] pyrene, or in partially
internal locations not completely surrounded by 6-rings, as in
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benzo[ghi]fluoranthene. Such molecules do not have the extent
of curvature seen in fullerenes, but could be converted to
strongly curved species by completely surrounding a 5-ring
with 6-rings through either ring rearrangements [e.g.
dicyclopenta[cd,fg] pyrene ; corannulene] or the formation of
new 6-rings by carbon addition [e.g. benzo[ghi]fluoranthene to
corannulene by C2H2 addition]. (See Chapter 3 for possible
formation chemistry of fullerene precursors.) Intramolecular
shifting of 5- and 6- rings in PAH has been observed under
conditions pertinent to combustion (Scott and Roelofs, 1987),
and the formation of new 6-rings which increase the degree of
containment of a 5-ring within the molecule would be
consistent with the observation of benzo[ghi]fluoranthene
along with fluoranthene in flames (McKinnon, 1989).
Free radical reactions predominate in combustion systems,
especially those in which fullerenes form, which have
temperatures in the fullerene-producing regions of roughly
1800-2300 K. In hydrocarbon combustion, the main process is
stepwise (1 C atom at a time) oxidation of the fuel to
products (Warnatz, 1984). Premixed flames are described in
terms of their equivalence ratio ($): the actual ratio of
fuel to oxidant divided by the ratio of fuel to oxidant
required for stoichiometric oxidation of the hydrocarbon to
CO2 and H20, (e.g. for benzene-oxygen flames, $=2.5*atomic C/O
ratio). Flames with #<1 are called fuel-lean, those with $>1
are fuel-rich. The major products are CO2 and H20 for $<1, and
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CO, H2, C2H2, CO 2 and H20 for #>1.
Molecular weight growth appears as a minor pathway in
fuel-rich flames, leading to the formation of PAH and, if # is
large enough, soot. After formation of the first aromatic
ring, molecular weight growth is believed to occur by
successive C2H2 addition to an aryl radical, followed by ring
closing to form the next larger PAH. The aryl radicals can be
formed by H-abstraction from the parent PAH. Peri-condensed
PAH6, and similar structures with one or more 6-rings replaced
by 5-rings, are preferentially formed (see Fig. 2.2).
The critical value of $ for the onset of sooting for the
types of benzene-oxygen flames considered here is -1.9. Large
PAH are considered to be intermediates in the formation of
soot. The growth of soot particles in flames involves
particle-particle coagulation as well as carbon addition to
the particles by reaction with molecular species (Howard et
al., 1973; Wersborg et al., 1973). The reactants include
small hydrocarbons such as C2H2 (Harris and Weiner, 1983) as
well as PAH having from one to ten or more rings (i.e., up to
molecular weight > 300 g/mole) (Lam et al. , 1989; McKinnon and
Howard, 1990; Dobbins and Subramaniasivam, in press) . The PAH
are grown by additions from the same small hydrocarbons that
also add directly to the soot (Howard, 1990). The inception
of soot particles appears to involve the coupling of large
(>300 amu) PAH (Wersborg et al., 1975; Harris and Weiner,
1988; Colket et al., 1989; Frenklach and Wang, 1990; McKinnon
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and Howard, 1990; McKinnon and Howard, 1992), to form soot
nuclei which in turn grow by additions from small hydrocarbons
and PAH. The resulting soot structure is not well-defined on
an atomic level, but general features are known. Small (~1-3
nm) graphite-like regions of stacked large PAH exist within
the soot particle, surrounded by regions of more random
structure (Street and Thomas, 1955; Heckman and Harling, 1966;
Ebert et al., 1988).
Parallels can be drawn between the molecular weight
growth processes that form PAH and soot in flames and those
that form fullerenes in flames. The only flames in which
fullerenes have been observed are sooting or nearly-sooting,
and large yields of fullerenes have only been observed in
sooting flames (e.g., the largest published fraction of fuel
carbon converted to C6 and C70 fullerenes is 5*10-3, observed in
sooting benzene/oxygen flames at #=2.5 (Howard et al., 1992a);
the fraction drops by a factor of 2500 when $ is lowered by
28% (Howard et al., 1992b), to a value of 1.8 which is just
below the sooting limit of 1.9 and hence in the nearly-sooting
regime). The high molecular weight PAH that form soot in
sooting flames are also present in nearly sooting flames, but
at concentrations below that required for the onset of soot
particle formation. Therefore, the molecular weight growth
processes that form fullerenes in flames are accompanied by
the molecular weight growth processes that form flat PAH and
soot. Fullerenes can be considered a novel type of PAH in
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which, unlike the planar PAH6 and approximately planar PAH
containing 5-rings in the periphery of the molecule (which are
collectively called "flat" in the present work, because even
the nearly planar PAH are indeed flat relative to fullerenes
and their curved precursors), curvature is introduced by the
incorporation of 5-rings at internal locations in the
molecule, and from which hydrogen is eliminated to form the
closed cage structure. The present work develops a detailed
chemical mechanism for the formation of fullerenes in flames
(Chapter 3) by considering the fullerene formation route to be
a subset of the molecular weight growth processes occurring in
fuel-rich flames, with the fullerene formation pathway opening
up under suitable conditions. This is a noteworthy
distinction, in that not all sooting flames produce fullerenes
(Malhotra and Ross, 1991).
Theoretical studies of flame chemistry can be supported
by detailed kinetic modeling of the complete flame chemistry
when the reactions being studied are sufficiently well known
(Warnatz, 1992). This approach was deemed unsuitable for the
present preliminary test of kinetic plausibility (see Chapter
6 for discussion). The composition profiles resulting from
coupled convection, diffusion, and reaction of all flame
species are computed in such simulations, so the chemical
mechanism used as input must be sufficiently detailed to
include all the important types of reactions. While
approximate mechanisms exist for the formation of small PAH in
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combustion (Frenklach et al., 1984; Frenklach and Warnatz,
1987; Bauer and Jeffers, 1988; Harris et al., 1988), formation
of the initial fullerene precursors is not included. Also,
due to limited understanding of aromatics oxidation and growth
chemistry, prediction of concentrations of smaller species
important to fullerene formation [e.g. C2H2 , H atom (see
Chapter 6)] are sufficiently inaccurate to obscure testing of
the fullerene formation mechanism. The approach used in the
thesis uses input conditions and concentrations from
experimental measurements in a fullerene-producing flame,
thereby avoiding the need to compute them as part of the
modeling.
Data available for testing are taken from premixed low-
pressure laminar flat flames of benzene and oxygen. Often a
diluent such as argon or helium is added. Low-pressure
laminar flat flames have been widely used in exploration of
the chemical processes occurring in combustion. The low
pressure allows spatial, and therefore temporal, resolution of
the chemical progress of the flame. Steady-state profiles of
the concentrations or mole fractions of the individual
chemical species may be obtained as functions of the height
above the burner surface (HAB) . A diagram of the experimental
apparatus used for the MIT fullerene-producing flame studies
is given in Fig. 2.4 (McKinnon, 1989). The structure of the
flame can be approximated as being one-dimensional, greatly
simplifying the equations governing transport phenomena; this
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makes the uncoupling of kinetic and transport processes
tractable. Such analyses are necessary due to strong axial
diffusion.
Evidence for the sequential nature of molecular weight
growth processes includes study of high molecular-weight
material in a near-sooting ($=1.8) benzene/oxygen/30 mol%
argon flame (Bittner, 1981; Howard and Bittner, 1983). Mole
fraction data for species within 50-amu mass ranges between
200 and 750 amu, and an additional range for 750+ amu species
in this flame are shown in Fig. 2.5. Calculation of fluxes
and net reaction rates for the 50-amu ranges showed that, even
for species of this size, axial diffusion had an effect.
Calculated net reaction rates are given in Fig. 2.6 (Pope,
1988). The anomalous behavior of the 700-750 amu range, in
that its mole fraction was larger than would be expected from
the trend shown by the smaller size ranges, and that this
material appeared to persist longer, was speculated to be
evidence of the presence of C60. Later experimental studies
(Howard et al., 1991) confirmed the presence of C6 in a
similar ($=1.79) near- (but non-) sooting flame.
As mentioned in Chapter 1, sooting flames produce much
more C6o and C70 than do non-sooting flames. Data suitable for
testing the fullerene formation mechanism presented in the
next chapter include mole fraction profiles of C60 and C70 in
three benzene/oxygen/10 mol% argon flames ($=2.2, 2.3, 2.4)
(Fig. 2.7) (Howard, et al., 1991; Mitra et al., 1992). In
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2.5. Mole fraction profiles vs. HAB for 50-amu
for species above 200 amu in a near-sooting benzene
(Bittner, 1981; Howard and Bittner, 1983; Pope, 1988).
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Figure 2.7. Mole fraction profiles for C60 and C70 in three
sooting benzene flames: $=2.2, 2.3, 2.4 (Howard et al.,
1991; Mitra et al., 1992).
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addition to species profiles, data reflecting qualitative
trends in fullerene formation with respect to temperature and
pressure are available for testing the mechanism. C60 and C70,
as a fraction of soot collected, is shown in Fig. 2.8 vs.
pressure (Howard et al., 1992a). These data show an apparent
maximum with respect to pressure. Fullerene formation is
generally favored by sub-atmospheric pressures. C60 and C70, as
a fraction of soot collected, is shown in Fig. 2.9 vs.
velocity of the input stream (Howard et al., 1992a). With
increasing gas velocity, the temperature of the flame
increases, since the flame is stabilized farther from the
burner surface, decreasing heat transfer to the burner. These
data show a monotonic increase in fullerene formation with
increasing velocity, and therefore increasing temperature.
Peak ion concentrations show a maximum with respect to peak
flame temperature near -2100 K (Baum et al., 1992).
Techniques for PAH and soot detection in flames are well-
developed. Understanding of PAH flame chemistry, though far
from complete, is sufficiently advanced to be extended to
describe fullerene formation. In the next section, others'
concepts of fullerene formation are overviewed.
REVIEW OF MECHANISTIC CONCEPTS OF FULLERENE FORMATION
Early speculations on fullerene formation routes appear
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to have been influenced by the fact that fullerenes were
formed, then exclusively, by graphite vaporization. Ablation
of single sheets from bulk graphite followed by ring
rearrangement leading to cage closure was proposed (Kroto et
al., 1985). The only detail mentioned regarding the locations
of rings was the "isolated pentagon rule" (IPR) , which states
that adjoining 5-rings are to be avoided, due to their higher
strain energy (Schmalz et al., 1988).
Sequential addition of smaller (C2, C3) units to a curved
fullerene precursor was then proposed (Kroto et al., 1991),
with growth along the edges, similar to PAH growth, proceeding
directly to closed cage structures. These ideas were first
presented in the context of soot formation in flames. Kroto
et al. (Kroto et al., 1985; Kroto, 1987; Kroto and McKay,
1988) suggested that imperfectly formed fullerenes might be
soot nuclei, with a corannulene-like seed molecule. Frenklach
and Ebert (Frenklach and Ebert, 1988) argued against
fullerenes as soot nuclei, but considered fullerene formation
in flames, proposing benzo[ghi]fluoranthene (C18H 0 ) formation
as the point of divergence from flat PAH. Homann (Gerhardt et
al., 1987; Gerhardt et al., 1989) suggested soot particles
were supports for fullerene growth -- a precursor like
corannulene attaches to the soot surface, grows by acetylene
addition, and detaches upon cage closure. The corannulene
structure is also a proposed fullerene precursor in carbon
vapor systems, since thermodynamic equilibrium calculations on
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C20 show that the hydrogen-less corannulene structure to be a
significant fraction of the C20 present under conditions of
interest (Brabec et al., 1992). Recent work on carbon arc
systems (Kroto et al., 1991) has shown an abundance of C2 and
C3 radicals, leading current thought toward fullerene growth
in these systems proceeding via stepwise addition of small
carbon units. Homann et al. (Baum et al., 1991) recently
proposed that large ribbon-shaped PAH containing 5-rings, such
as C48H 8 , may serve as fullerene precursors, by curling and
reacting at the sides with two benzene molecules to form C60.
Their current fullerene formation ideas include solid-state
formation of fullerenes inside of young soot particles (Baum
et al., 1992).
Thus, in flames, formation of fullerene precursors, first
identifiable by the onset of curvature, is a subset of the PAH
growth reactions. Since PAH6 are flat, and acenaphtha rings
do not greatly bend the molecule, the curved PAH may contain
a 5-ring with each atom part of an adjacent 6-ring, such as in
benzo [ghi] fluoranthene and corannulene. Fluoranthene, though
flat, has such a 5-ring, and may be a precursor of curved
species. Other curved PAH include those with methylene
bridges of the cyclopentaphenanthrene type (Prado et al.,
1976; Bittner and Howard, 1981), in bay regions of otherwise
6-ring PAH, e.g. coronene with one or more, but not adjacent,
outer 6-rings replaced by 5-rings, like
tricyclopenta[def,jkl,pqr]triphenylene.
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Via addition of hydrogen donor compounds to a carbon arc
fullerene reactor, Chang et al. (1992) observe several of the
3-5 ring PAH observed in flames (cf. Figs. 2.2, 2.3). They
then outline a mechanism for C60 and C70 formation which
contains several of the features of the present fullerene
formation mechanism. A linear C16 is proposed to isomerize to
a hydrogenless fluoranthene structure, which then undergoes
successive C2 addition to yield the hydrogenless analogues to
benzo[ghi]fluoranthene, corannulene, and larger intermediates
with C5, symmetry, paralleling earlier versions of the present
mechanism (Howard et al., 1992a; Mitra et al., 1992). Cage
closing is proposed via formation, either via addition or
isomerization, of a C5 -symmetry C60 or C70 structure with five
fulvene-like moieties, which then cyclizes to form the
completed cage. The role of fulvene-like structural features
in cage closing was also considered in the present work, but
due to the endothermicity of rearrangement of a 6-ring to a
fulvene-like 5-ring and the unlikeliness of their formation
via direct addition to the growing structure, the cage closing
sequence in its present form is considered a more chemically
realistic proposal for the closing of the C60 and C70 cages.
Any mechanism involving fullerene formation should be
specific in its description of intermediates. This can create
a combinatorial problem in the case of PAH coagulation unless
simplifying assumptions are made. For example, in the present
work, only reactive coagulation of C5, precursors is considered
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(see Chapter 3). Similarly, Goeres and Sedlmayr (1991)
consider only coagulation of naphthalenoctyl (hydrogenless
naphthalene). Wakabyashi and Achiba (1992) propose stacking
of even-numbered carbon rings (e.g. CIO, C12, C18). Carbon rings
also figure prominently in other mechanistic discussions for
fullerene formation (von Helden et al., 1991; Tominek and
Schluter, 1991; Heath, 1992).
None of the work reviewed on fullerene formation
mechanisms includes a detailed chemical reaction sequence. In
the only mechanism that appears to have considered the
structures of the intermediates in the formation of C60 and C70,
Kerner et al. (1992) also perform the only analysis which
includes kinetic and thermodynamic considerations. They
consider successive 5-ring and 6-ring addition starting from
hydrogenless indene and naphthalene units. Through a
combination of statistical, thermodynamic, and kinetic
arguments, they predict a yield of approximately 10% C60.
Structures incapable of direct formation of C6o, C70, or C. are
considered by-products. They also predict a C70/C60 ratio of
-0.3, and a CM/C 70 ratio of -0.2. Through entropic
considerations, they find an optimal temperature for fullerene
formation in carbon vapor systems of -2500 K. However, most
of the intermediates in the mechanism are not described, and
no characteristic time is stated for fullerene formation, so
the applicability of the work to fullerene formation in
combustion is limited.
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A reaction sequence for C60 and C70 formation in carbon
vapor systems is implied by the ideas of Smalley (Haufler et
al.,, 1991), who assert that a driving force for the formation
of fullerenes and their intermediates is the reduction of a
structure's energy by minimizing the number of dangling
(sigma) bonds. A sequence of hydrogenless PAH5/6 can contain
fewer dangling bonds (a lower C/H ratio in the case of PAH)
than a comparable sequence of PAH6. This energy consideration
is less true in flames, since hydrogen is present to "cap"
what would otherwise be dangling bonds, although recent
thermodynamic analyses show that the fraction of radical sites
(dangling bonds) on the edges of large PAH in combustion
environments may be as high as to 20-40% (Howard, 1990).
However, the sequence of PAH5/6 obeying the IPR with the
minimum number of dangling bonds (or highest C/H ratio)
suggests a formation sequence for C6 very similar to the one
independently constructed in the present work.
CONCLUSION
Combustion studies of PAH, fullerenes, and soot formation
provide a conceptual background for development of a fullerene
formation mechanism based on features of PAH chemistry. While
published concepts of fullerene formation are rather general,
they have features which parallel the ideas included in the
fullerene formation mechanism which is described in detail in
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the next chapter.
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Chapter 3 -- Fullerene Formation Mechanism
INTRODUCTION
In this chapter, a kinetic mechanism is constructed for
the formation of fullerenes C60 and C70 in flames, based on
types of reactions used in describing growth of polycyclic
aromatic hydrocarbons (PAH) , and including additional chemical
processes needed to describe evolution of the unique
structural features of fullerenes. Following is a detailed
description of the mechanism, including structures and
nomenclature for the intermediates. A brief discussion of
intramolecular rearrangements in PAH5/6 paves the way for
consideration of possible fullerene precursor formation
chemistry. Since rate expressions used in the detailed
kinetic modeling are derived from the form of the reactions in
the mechanism, the rate coefficients used influence the
structure of the mechanism. This chapter will end with a
summary of the rate coefficients used in the test of kinetic
plausibility (the results of which are presented in Chapters
7-9).
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FULLERENE FORMATION MECHANISM
The proposed chemistry of fullerene formation provides
the basis' of a reaction mechanism, described below with a
specific example for the formation of fullerenes C60 and C70 .
Overview of mechanism
Two overall pathways are presented for the formation of
C60 and C70. The first is called the direct pathway, in which
all carbon is added by C2H2 addition to the growing molecule.
Key intermediates in the mechanism are PAH of C5v symmetry;
such intermediates in C60 and C70 formation are shown in Fig.
3.1. In the absence of standard nomenclature, except for
corannulene (dibenzo[ghi,mno]fluoranthene, COR -- C2 0 H10 ) , these
intermediates are referred to below as half-bucky (HB --
C30H10 ) , two-thirds-bucky (TB -- C40H10) , five-sixths-bucky (FB --
C50H 10) , and expanded-bucky (XB -- C6 H10) . FB proceeds directly
to form C60 , or to XB, which proceeds to form C70. An outline
of the direct formation pathways for C6o and C7. is shown in
Fig. 3.2. Extending the sequence of C, PAH beyond XB could be
seen as a pathway for the construction of a cylindrical carbon
structure, possibly leading to formation of a buckytube.
The second pathway for C60 and C70 formation is called the
coagulation pathway, since it involves reactive coupling of
two C5, intermediates. For C6o formation, two HB molecules, at
least one of which is a radical, react to form C60H 8, which
then undergoes successive dehydrogenation steps to form the
completed C6 cage. One HB and one TB molecule, again at least
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H
Figure 3.1.
COR (C 20HIO);
Fullerene precursors having C,, symmetry: a)
b) HB (C30HIO) ; c) TB (C 40H10 ) ; d) FB (C50Hio) ; e) XB
(C6HiO) .
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Figure 3.2. Outline of the direct pathway for C60 and C70
formation.
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one of which is a radical, dimerize to form C70H18, which
dehydrogenates to form C70. The coagulation pathway branches
off the direct fullerene formation pathway; these additional
reactions are outlined in Fig. 3.3.
Reaction types
The proposed mechanisms consists of general types of
reactions, all of which are known in PAH chemistry: (1) H-
abstraction to form an aryl radical; (2) C2H2 addition to an
aryl radical to form a vinylic adduct; (3) cyclization of a 5-
or 6-membered adduct, leading to 5- or 6-ring closure and H-
elimination; (4) reactive coagulation (McKinnon and Howard,
1990; Howard, 1990) -- coupling of an aryl radical and a PAH
or aryl radical; (5) dehydrogenation (elimination of H2) and
ring closure; and (6) intramolecular rearrangements. Reaction
type 5 can be considered to be either a concerted reaction or
a sequence of two reactions: one of type 1, H-abstraction
(called type 5-1, to signify a type 1 reaction that is part of
an overall type 5 reaction) followed by a type 3, cyclization,
reaction (called type 5-3). Figure 3.4 shows model PAH
reactions for these six reaction types. The same types of
reactions are expected to describe the formation of other
fullerenes.
Details of direct C60 and C70 formation
This portion of the mechanism is a molecular weight
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a)
C30 H9 + C- H0 6 0H8 C6
-9 H2
- H
Cao~e+ CaoHe
b)
CaoH9 + C4 H9
CaoH10 + C4 H9
C3H 9 + C40HIO
-H
Figure 3.3. Outline of the coagulation pathway for a) C60
and b) C70 formation.
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* 10 +H
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Figure 3.4. Model PAHl reactions for reaction types.
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growth sequence starting from either fluoranthene (FLTHN --
C16HIO), benzo [ghi] f luoranthene (BGHIF -- C18HIO) , or corannulene
(COR -- C20HIO). Starting with fluoranthene, growth leading to
fullerene precursors up to FB proceeds via repetition of
reaction of types 1, 2, and 3 (Fig. 3.5). Formation of XB
from FB is an extension of the sequence leading to the other
C5, intermediates. Formation of the next larger ring occurs by
net C2 addition. Five repetitions of the reactions of types
1, 2, and 3 transform one C5, species to the next larger one
(e.g. HB -+ TB) . In the ring-formation sequence between FLTHN
and FB, the correct placement of 5-rings and 6-rings required
for C60 formation occurs as a direct consequence of the growth
reactions. Notation for species larger than corannulene is
based on that for the C5, intermediates. The names of the
stable species are based on the parent C, compound. For
example, COR2 is COR with two additional rings.
The reaction sequence from HB through TB, FB, and XB
consists of sequential 6-ring formation in the bay regions of
the growing structure, and as such will not lead to 5-ring
formation or dehydrogenation, both of which are needed for
fullerene formation. The cage closure reaction sequence,
which produces C6o from FB and C70 from XB, therefore diverges
from the C,, species formation chemistry, and is more
complicated (Fig. 3.6). The reaction sequence is the same for
both cage-closing sequences, so the following discussion is
based on the FB -+ C60 chemistry. FB1, formed by net C2
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FLTHN
COR3
BGHIF
COR4
HB2
TB
I TB3
COR COR1 COR2
HB
HB3
TB1
HB1
HB4
TB2
TB4 FB
Figure 3.5. Reaction sequence for the direct pathway of the
fullerene formation mechanism, for species between C16HI1
(FLTHN) and C50HIO (FB) .
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Figure 3.6. Reaction sequence for cage closing in the
direct pathway of the fullerene formation mechanism, case of
FB -+ C6A.
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addition to FB, has a 6-ring in a location where a 5-ring
would need to be for C60 formation. The proposed chemistry
leading to C60 formation has the next net C2 addition forming
a species with a 5-ring adjoining the "out-of-place" 6-ring.
The compound is called FB2Q, the Q indicating a divergence
from the preceding 6-ring addition sequence. (A C2 unit could
conceivably add to FB to yield a fulvene-like 5-ring moiety.
Species containing fulvene moieties are not included in the
fullerene formation mechanism for reasons outlined above.)
The two rings added to FB then undergo an intramolecular
rearrangement (type 6), forming FB2QR -- R for rearranged
compound. (See Fig. 3.4 part 6 for the prototype reaction.
These rearrangements are discussed later in the chapter.) The
remaining steps leading to C60 are three repetitions of
reaction types 5, 1, 2, and 3, and two of type 5 to close the
cage. The formation of completed fullerenes C60 and C70 from
the C5v precursors therefore proceeds in a conceptually
straightforward way, with all rings ending up in their proper
locations.
Details of C6 and C7. formation via reactive coaqulation
Reactive coagulation of large flat PAH does occur in
flames, and is a step in soot particle inception (Miller et
al., 1984; Harris and Weiner, 1988; McKinnon, 1989; Frenklach
and Wang, 1990; McKinnon and Howard, 1990; Howard, 1990;
Miller, 1990). At least one of the reacting species is
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HB + HB-
HBHBD2 HBHBD3 HBIBD4
HBHBD5 HBHBD6
HBHBD8 HBHBD9
HBHBD7
C60B
Figure 3.7. Reaction sequence for cage closing in the
coagulation pathway of the fullerene formation mechanism,
case of HB + HB- -+ CwB.
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HBHBD1
assumed to be a radical, and C-C bond formation is assumed to
occur (type 4). The proposed fullerene precursors are
expected to be able to dimerize. Coupling of two C30H9 species
(called HB-, the - signifying a a-radical) yields C6oHIs (called
HBHBD1 -- two HB moieties joined by a C-C bond, the D1
signifies one dehydrogenation, one less pair of H-atoms than
the ten pairs contained in two HB molecules). Reactive
coagulation of HB and HB- similarly yields HBHBD1 + H. (See
Fig. 3.4 part 4 for the prototype reaction and Fig. 3.3a for
the overall reaction sequence.) Nine additional
dehydrogenation/ring-closing steps (type 5) zip together the
edges of the dimer and complete the C60 cage (Fig. 3.7). The
band of ten 6-rings, correctly arranged to close the C60 cage,
develops as a direct consequence of the structures of the
combining species. In the reactive coagulation sequence for
C70 formation, HB- and TB- couple to form a C70H18 compound
consisting of one TB and one HB moiety joined by a single C-C
bond. Analogously to HBHBD1, this C70H18 species is called
TBHBD1. Reactive coagulation of HB + TB-, or HB- + TB, yields
TBHBD1 + H. (See Fig. 3.3b for pairs of reactants leading to
TBHBD1 formation.) Formation of C70 from TBHBD1 follows the
same reaction sequence as C60 formation from HBHBD1 (cf. Fig.
3.7).
Complete reaction mechanism, species nomenclature, and rate
coefficients
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The complete fullerene formation mechanism, containing
125 species and 124 elementary reactions is shown in Table
3.1. The complete list of species, with their empirical
formulae and molecular weights, is given in Table 3.2.
Rationale for the naming of stable species and a-radicals is
given above. C60 and C70 are both given A and B forms in the
mechanism to help track which pathway is forming each
fullerene: C60A and C7,A form via the direct pathway; C60B and
C70B are produced through reactive coagulation of C5, species.
The reaction types described above have been modified as
follows. Reactions of type 1 (H-abstraction) and type 6
(intramolecular rearrangement) are as defined above.
Sequences of reaction type 2 (C2H2 addition) followed by type
3 (ring-closing) have been replaced by single reactions called
type 23. The type 23 reaction corresponding to the
prototypical reactions in Fig. 3.4 would then be 1-
naphthalenyl + C2H2 # acenaphthalene + H. Combining reactions
of type 2 and type 3 was done because the rate coefficient
selected for use in modeling was one for the combined C2H2
addition/ring-closing reaction. The type 4 reactions
(reactive coagulation) have been split up into four sub-types
(4-A, 4-B, 4-C, and 4-D), since each subtype is characterized
by a different rate coefficient: 2HB- T HBHBD1 is the
reaction of type 4-A, HB + HB- ; HBHBD1 + H is type 4-B, HB-
+ TB- # TBHBD1 is type 4-C, and both HB + TB- i TBHBD1 + H and
HB- + TB # TBHBD1 + H are type 4-D. Type 5 reactions
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(dehydrogenation/ring-closing) have been modeled as
consecutive H-abstractions (type 5-1) and ring-closings (type
5-3). (See Fig. 3.4 part 5b.) The type 5-3 reactions
involving HBHBD1- and TBHBD1- are a separate subtype 5-3 (rot),
because the ring closing involves rotation along a C-C single
bond rotor. Though reaction type 5-3 and 5-3(rot) are modeled
using the same rate coefficient, this distinction may be
important when more detailed rate information becomes
available. Rate coefficients used in the kinetic testing are
given in Table 3.3. Chapter 4 describes the procedure for
obtaining thermodynamic properties for the fullerenes and the
proposed precursors.
INTRAMOLECULAR REARRANGEMENTS
Intramolecular rearrangements may allow important
shifting of ring locations for fullerene formation. Figure
3.8 shows three types of rearrangements considered here: (a)
acephenanthrylene ± fluoranthene, (b) pyracyclene shift, (c)
dicyclopenta[jk,mn]phenanthrene (CPAP)
benzo[ghi]fluoranthene.
Scott et al. (Scott and Roelofs, 1987) studied the type
a rearrangement (type 6), which converts an acenaphtha ring to
a 5-ring surrounded by 6-rings. Many PAH observed in flames
contain acenaphtha rings (Fig. 2). Rearrangement type b can
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a)
H
H H
b)
c)
Figure 3.8. Types of intramolecular
acephenanthrylene -+ fluoranthene; b)
modified pyracyclene shift -- CPAP -+
rearrangements: a)
pyracyclene shift; c)
benzo[ghi]fluoranthene.
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occur in pyracyclene units within a larger molecule (Stone and
Wales, 1986; Goeres and Sedlmayr, 1991), allowing for shifting
of internal 5-rings. A variation on the pyracyclene
rearrangement is type c, in which only 3 of the 4 rings of the
pyracyclene unit are present: two acenaphtha rings are
converted to one internal 5-ring. These rearrangements,
combined with PAH growth reactions, produce a set of reactions
sufficient for describing fullerene and fullerene precursor
formation in flames. Below is a description of how these
rearrangements may contribute to fullerene precursor
formation.
k, k3
B -C
k2  k4
Two sources were considered for the rate coefficient of
the type a rearrangement, the first being the data of Scott
and Roelofs (1987) for the interconversion of three C16HIO
species containing a 5-ring -- aceanthrylene(A),
acephenanthrylene (B), and fluoranthene(C) -- in a flow reactor
(residence time = 2 s) at temperatures of 880-1115 *C: Three
sets of runs were made, each with one of the above species as
the starting material, and relative concentrations of the
output were given. Their data were used to obtain the rate
coefficient used in the text for the acephenanthrene (B) -
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fluoranthene (C) interconversion reaction.
For the above set of reactions, the resulting rate
equations are:
A=-k 1 *A+k 2 *B
$=k 1*A- (k2 +k3 ) *B+k4 * C
t =k3 *B-k4 * C
where A,B,C = molar concentrations
The rate coefficients are related to each other via the
equilibrium constants:
K, = k1 /k 2 ; K2 = k3/k4
The approach was to solve for the four rate coefficients, with
all the other values being taken from the data. The absolute
concentrations are not given, but since all the reactions are
unimolecular and first-order, relative concentrations or mole
fractions can be used. In this calculation A+B+C was set
equal to unity, and d[A+B+C]/dt = 0. The three rate
equations are therefore not linearly independent. (Note:
This is not strictly true. Scott and Roelofs mention mass
balance closures of 70% at 880 C and 35% at 1200 C. No
mention is made of other products. It is likely that a
polymerization product is formed. This was assumed not to
affect the relative concentrations, and was neglected in this
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calculation.)
Relative concentrations and temperatures are given in
Scott and Roelofs (1987). The values for the time derivatives
were found by dividing the change in relative concentration by
the residence time. The equilibrium ratio at 1100 C is given
as A:B:C = 17:9:74. From this, K, = 0.529 and K2 = 8.22, and
AG for the reactions is found to be 1.735 kcal/mol for A T B,
and -5.748 kcal/mol for B T C. Values for K, and K2 at other
temperatures are found by assuming constant AG over the
experimental temperature range. This was supported by our
group additivity thermochemical estimates for A T B, in which
AG was found to be constant.
The following matrix equation was solved for each run's
experimental data:
A -A B 0 0k
0 0 B -C k2
0 1 -K 0 0 k3
0 0 0 1 -K2k
The set of results for k3 were fit into an Arrhenius
form, k3 = A * exp(-E/RT): A = 1.25x1012 s-, E = 73.0 kcal/mol.
The main limitation in the approach is that the rates were
taken as A(concentration)/A(time), which can be seen as a
rough engineering approximation. Solution of the entire set
of differential equations was found to be unwieldy since the
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rate coefficients were kept as unknowns. The resulting value
for rate coefficient is expected to be reasonable, but not
rigorous. Since the data of Scott and Roelofs show evidence
of a polymerization product, the above simple mathematical
model is incomplete. A more thorough analysis would account
for loss of each of the C16HI species; how to do this is
unclear, and would make the resulting set of differential
equations even more difficult to solve analytically.
A rearrangement similar to acephenanthyrlene #
fluoranthene is that of azulene # naphthalene, detailed
kinetics for which have been obtained by Brouwer and Troe
(1988) ; the rate coefficient was found to be 8.51*1012 s'*exp[-
62860(kcal/mol)/RT]. Since the goal of Brouwer and Troe was
to determine the rate coefficient of a known reaction, whereas
Scott and Roelofs were exploring new chemistry, the value of
Brouwer and Troe was considered to be more reliable than that
from our approximate analysis of the Scott and Roelofs data.
The question still remains of the applicability of the azulene
1 naphthalene rate to the acephenanthyrlene # fluoranthene
reaction. Both are 4-centered reactions (involving an H-
shift) which change the size of two adjacent rings, so the AH*
and AS* of activation are expected to be comparable. Also, in
both reactions, the product is more stable than the reactant,
so using the rate coefficient of Brouwer and Troe is
justified. The sensitivity of the modeling results to the
rate coefficients used is explored in later chapters.
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FULLERENE PRECURSOR FORMATION CHEMISTRY
At least four benzo[ghi]fluoranthene formation routes are
possible: (1) C2H2 addition to fluoranthenyl; (2) CPAP -+
benzo[ghi]fluoranthene (type c rearrangement); (3)
cyclopenta[cd]pyrene - benzo[ghi]fluoranthene (type a
rearrangement); and (4) a C3  species adding to
4H-cyclopenta[def]phenanthrene.
A corannulene formation route is included in the direct
pathway of the fullerene formation mechanism, C2H2 addition to
benzo[ghi]fluoranthenyl. A similar corannulene synthesis
route is flash vacuum pyrolysis of 7,10-diethynlfluoranthene
(Scott et al., 1991); while this specific reaction might not
occur in flames, the similarities between it and that of two
sequential C2H2 additions to fluoranthene lends credence to the
C2H2 addition route. The second is a type c rearrangement of
dicyclopenta[cd,fg]pyrene (Fig. 3.9a).
Many possible contributions of the type c rearrangement
can be envisioned. Thus, tricyclopenta[cd,fg,jk]pyrene could
form cyclopenta[bc]corannulene (Fig. 3. 9b) , allowing fullerene
formation to bypass corannulene, and three type c
rearrangements of hexacyclopentacoronene could yield a curved
C36H 2 fullerene precursor (Fig. 3.9c) . PAH with multiple
acenaphtha rings are observed in flames (Lafleur, personal
communication), as would be expected from calculated
stabilities (Stein and Fahr, 1985).
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a)
0 
b)
O 0
0
c)
Figure 3.9. Applications of the type c rearrangement: a)
dicyclopentapyrene -+ corannulene; b) tricyclopentapyrene -+
COR1; c) hexacyclopentacoronene 
-+ a bowl-shaped C36H12 -
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CONCLUSIONS
A detailed chemical mechanism for C60 and C70 formation in
flames has been constructed, with two formation pathways
(direct and coagulation of C5, species) for each fullerene.
The types of reactions contained in the fullerene formation
mechanism are types of reactions known to occur in PAH. Rate
coefficients for the reaction types are obtained from
literature values for analogous PAH6 reactions.
Intramolecular rearrangements are discussed not only because
of their relative newness in the combustion literature, but
also in light of their possible role in fullerene and
fullerene precursor formation chemistry.
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Table 3.1. List of detailed reactions (with reaction type) in
the fullerene formation mechanism. See current section of the
text for definitions of types of reactions, and Table 3.2 for
descriptions of species.
REACTION TYPE
FLUORANTHENE (C16 I10 ) TO FB (C5(H1n)
1. FLTHN + H = FLTHN- + H2 1
2. FLTHN- + C2H2 = BGHIF + H 23
3. BGHIF + H = BGHIF- + H2 1
4. BGHIF- + C2H2 = COR + H 23
5. COR + H = COR- + H2 1
6. COR- + C2H2 = COR1 + H 23
7. COR1 + H = COR1- + H2 1
8. COR1- + C2H2 = COR2 + H 23
9. COR2 + H = COR2- + H2 1
10. COR2- + C2H2 = COR3 + H 23
11. COR3 + H = COR3- + H2 1
12. COR3- + C2H2 = COR4 + H 23
13. COR4 + H = COR4- + H2 1
14. COR4- + C2H2 = HB + H 23
15. HB + H = HB- + H2 1
16. HB- + C2H2 = HB1 + H 23
17. HB1 + H = HB1- + H2 1
18. HB1- + C2H2 = HB2 + H 23
19. HB2 + H = HB2- + H2 1
20. HB2- + C2H2 = HB3 + H 23
21. HB3 + H = HB3- + H2 1
22. HB3- + C2H2 = HB4 + H 23
23. HB4 + H = HB4- + H2 1
24. HB4- + C2H2 = TB + H 23
25. TB + H = TB- + H2 1
26. TB- + C2H2 = TB1 + H 23
27. TB1 + H = TB1- + H2 1
28. TB1- + C2H2 = TB2 + H 23
29. TB2 + H = TB2- + H2 1
30. TB2- + C2H2 = TB3 + H 23
31. TB3 + H = TB3- + H2 1
32. TB3- + C2H2 = TB4 + H 23
33. TB4 + H = TB4- + H2 1
34. TB4- + C2H2 = FB + H 23
FB (C5HjIo) TO C6,
35. FB + H = FB- + H2 1
36. FB- + C2H2 = FB1 + H 23
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37. FB1 + H = FB1- + H2
38. FB1- + C2H2 = FB2Q + H
39. FB2Q = FB2QR
40. FB2QR + H = FB2QR- + H2
41. FB2QR- = FB2QRD + H
42. FB2QRD + H = FB2QRD- + H2
43. FB2QRD- + C2H2 = FB3Q + H
44. FB3Q + H = FB3Q- + H2
45. FB3Q- = FB3QD + H
46. FB3QD + H = FB3QD- + H2
47. FB3QD- + C2H2 = FB4Q + H
48. FB4Q + H = FB4Q- + H2
49. FB4Q- = FB4QD + H
50. FB4QD + H = FB4QD- + H2
51. FB4QD- + C2H2 = FB5Q + H
52. FB5Q + H = FB5Q- + H2
53. FB5Q- = FB5QD + H
54. FB5QD + H = FB5QD- + H2
55. FB5QD- = C60A + H
COAGULATION PATHWAY TO C6
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
2HB- = HBHBD1
HB- + HB = HBHBD1 + H
HBHBD1 + H = HBHBD1- + H2
HBHBD1- = HBHBD2 + H
HBHBD2 + H = HBHBD2- + H2
HBHBD2- = HBHBD3 + H
HBHBD3 + H = HBHBD3- + H2
HBHBD3- = HBHBD4 + H
HBHBD4 + H = HBHBD4- + H2
HBHBD4- = HBHBD5 + H
HBHBD5 + H = HBHBD5- + H2
HBHBD5- = HBHBD6 + H
HBHBD6 + H = HBHBD6- + H2
HBHBD6- = HBHBD7 + H
HBHBD7 + H = HBHBD7- + H2
HBHBD7- = HBHBD8 + H
HBHBD8 + H = HBHBD8- + H2
HBHBD8- = HBHBD9 + H
HBHBD9 + H = HBHBD9- + H2
HBHBD9- = C60B + H
FORMATION OF XB (C60H 10 )
76. FB1- + C2H2 = FB2 + H
77. FB2 + H = FB2- + H2
78. FB2- + C2H2 = FB3 + H
79. FB3 + H = FB3- + H2
80. FB3- + C2H2 = FB4 + H
81. FB4 + H = FB4- + H2
4-A
4-B
5-1
5-3 (rot)
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
23
1
23
1
23
1
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1
23
6
5-1
5-3
1
23
5-1
5-3
1
23
5-1
5-3
1
23
5-1
5-3
5-1
5-3
82. FB4- + C2H2 = XB + H
XB (C60HI 0 ) TO C70
83. XB + H = XB- + H2
84. XB- + C2H2 = XB1 + H
85. XB1 + H = XB1- + H2
86. XB1- + C2H2 = XB2Q + H
87. XB2Q = XB2QR
88. XB2QR + H = XB2QR- + H2
89. XB2QR- = XB2QRD + H
90. XB2QRD + H = XB2QRD- + H2
91. XB2QRD- + C2H2 = XB3Q + H
92. XB3Q + H = XB3Q- + H2
93. XB3Q- = XB3QD + H
94. XB3QD + H = XB3QD- + H2
95. XB3QD- + C2H2 = XB4Q + H
96. XB4Q + H = XB4Q- + H2
97. XB4Q- = XB4QD + H
98. XB4QD + H = XB4QD- + H2
99. XB4QD- + C2H2 = XB5Q + H
100. XB5Q + H = XB5Q- + H2
101. XB5Q- = XB5QD + H
102. XB5QD + H = XB5QD- + H2
103. XB5QD- = C70A + H
COAGULATION PATHWAY TO C70
HB- + TB- = TBHBD1
HB- + TB = TBHBD1 + H
HB + TB- = TBHBD1 + H
TBHBD1 + H = TBHBD1- + H2
TBHBD1- = TBHBD2 + H
TBHBD2 + H = TBHBD2- + H2
TBHBD2- = TBHBD3 + H
TBHBD3 + H = TBHBD3- + H2
TBHBD3- = TBHBD4 + H
TBHBD4 + H = TBHBD4- + H2
TBHBD4- = TBHBD5 + H
TBHBD5 + H = TBHBD5- + H2
TBHBD5- = TBHBD6 + H
TBHBD6 + H = TBHBD6- + H2
TBHBD6- = TBHBD7 + H
TBHBD7 + H = TBHBD7- + H2
TBHBD7- = TBHBD8 + H
TBHBD8 + H = TBHBD8- + H2
TBHBD8- = TBHBD9 + H
TBHBD9 + H = TBHBD9- + H2
TBHBD9- = C70B + H
4-C
4-D
4-D
5-1
5-3 (rot)
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
5-1
5-3
-75-
23
1
23
1
23
6
5-1
5-3
1
23
5-1
5-3
1
23
5-1
5-3
1
23
5-1
5-3
5-1
5-3
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
Table 3.2. Species included in the fullerene formation
mechanism -- shorthand name, molecular weight, empirical
formula. See Figs. 3.1, 3.5-3.7 for structures of most of
the stable species.
SPECIES MOLECULAR
NAME WEIGHT #C #H
H 1.007 0 1
H2 2.015 0 2
C2H2 26.038 2 2
FLTHN 202.258 16 10
FLTHN- 201.250 16 9
BGHIF 226.280 18 10
BGHIF- 225.272 18 9
COR 250.302 20 10
COR- 249.294 20 9
COR1 274.325 22 10
COR1- 273.317 22 9
COR2 298.347 24 10
COR2- 297.339 24 9
COR3 322.369 26 10
COR3- 321.361 26 9
COR4 346.391 28 10
COR4- 345.383 28 9
HB 370.414 30 10
HB- 369.406 30 9
HB1 394.436 32 10
HB1- 393.428 32 9
HB2 418.458 34 10
HB2- 417.450 34 9
HB3 442.481 36 10
HB3- 441.473 36 9
HB4 466.503 38 10
HB4- 465.495 38 9
TB 490.525 40 10
TB- 489.517 40 9
TB1 514.548 42 10
TB1- 513.540 42 9
TB2 538.570 44 10
TB2- 537.562 44 9
TB3 562.592 46 10
TB3- 561.584 46 9
TB4 586.614 48 10
TB4- 585.606 48 9
FB 610.637 50 10
FB- 609.629 50 9
FB1 634.659 52 10
FB1- 633.651 52 9
FB2Q 658.681 54 10
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FB2QR
FB2QR-
FB2QRD
FB2QRD-
FB3Q
FB3Q-
FB3QD
FB3QD-
FB4Q
FB4Q-
FB4QD
FB4QD-
FB5Q
FB5Q-
FB5QD
FB5QD-
C60A
HBHBD1
HBHBD1-
HBHBD2
HBHBD2-
HBHBD3
HBHBD3-
HBHBD4
HBHBD4-
HBHBD5
HBHBD5-
HBHBD6
HBHBD6-
HBHBD7
HBHBD7-
HBHBD8
HBHBD8-
HBHBD9
HBHBD9-
C60B
FB2
FB2-
FB3
FB3-
FB4
FB4-
XB
XB-
XB1
XB1-
XB2Q
XB2QR
XB2QR-
XB2QRD
658.681
657.673
656.665
655.657
680.688
679.680
678.672
677.664
702.694
701.686
700.678
699.670
724.700
723.692
722.684
721.676
720.669
738.812
737.804
736.796
735.788
734.780
733.772
732.764
731.756
730.748
729.740
728.732
727.724
726.716
725.708
724.700
723.692
722.684
721.676
720.669
658.681
657.673
682.704
681.696
706.726
705.718
730.748
729.740
754.771
753.763
778.793
778.793
777.785
776.777
54 10
54 9
54 8
54 7
56 8
56 7
56 6
56 5
58 6
58 5
58 4
58 3
60 4
60 3
60 2
60 1
60 0
60 18
60 17
60 16
60 15
60 14
60 13
60 12
60 11
60 10
60 9
60 8
60 7
60 6
60 5
60 4
60 3
60 2
60 1
60 0
54 10
54 9
56 10
56 9
58 10
58 9
60 10
60 9
62 10
62 9
64 10
64 10
64 9
64 8
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XB2QRD-
XB3Q
XB3Q-
XB3QD
XB3QD-
XB4Q
XB4Q-
XB4QD
XB4QD-
XB5Q
XB5Q-
XB5QD
XB5QD-
C7 OA
TBHBD1
TBHBD1-
TBHBD2
TBHBD2-
TBHBD3
TBHBD3-
TBHBD4
TBHBD4-
TBHBD5
TBHBD5-
TBHBD6
TBHBD6-
TBHBD7
TBHBD7-
TBHBD8
TBHBD8-
TBHBD9
TBHBD9-
C70B
775.769
800.799
799.791
798.783
797.775
822.806
821.798
820.790
819.782
844.812
843.804
842.796
841.788
840.780
858.923
857.915
856.908
855.900
854.892
853.884
852.876
851.868
850.860
849.852
848.844
847.836
846.828
845.820
844.812
843.804
842.796
841.788
840.780
64
66
66
66
66
68
68
68
68
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
70
7
8
7
6
5
6
5
4
3
4
3
2
1
0
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0
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Table 3.3. Rate coefficients for types of reactions used in
the fullerene formation mechanism, in the modified Arrhenius
form: k=A*Tb*exp (-E/RT) . See current section of text for
definitions of types of reactions used in modeling. A has
units of cm3/mol-s, except for reaction types 5-3, 5-3 (rot) ,
and 6, for which the units are s-, b is dimensionless, and E
is in kcal/mol.
Reaction
type A b E
la
23a
4 -A b
4 -B
4 -De
5-3*
5-3 (rot) f
6 g
2.50E+14
4. OOE+13
7.15E+12
2.86E+12
1.44E+13
2. 88E+12
2.50E+14
1.OOE+13
1. OOE+13
8. 51E+12
Notes: (a) Frenklach and Wang, in press; (b) collision frequency; (c)
0.2*collision frequency (McKinnon, 1989); (d) same as type 1; (e)
Frenklach et al., 1984; (f) same as type 5-3; (g) Brouwer and Troe,
1988.
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0.
0.
0.5
0.5
0.5
0.5
0.
0.
0.
0.
15.99
10.11
0.
0.
0.
0.
15.99
0.
0.
62.86
Chapter 4 -- Thermodynamic Properties
Thermodynamic properties for the fullerenes and the
proposed precursors are necessary for detailed kinetic
modeling, to determine reverse rate coefficients for
reversible reactions via microscopic reversibility. For an
elementary step reaction, the ratio of the forward and reverse
rate coefficients (kf and k,, respectively) are related to the
equilibrium constant (K) by Kc=k/kr- Ke is equal to K,*(RT)-,
where An is the net mole change in the reaction. Since
K,=exp(-AG/RT), sufficient thermochemical data are needed for
all species in the mechanism to be able to determine AG for
all reactions at the temperatures of the modeling simulation.
In this chapter, existing experimental and calculated
thermochemical data will be reviewed. Since no such data
exist for the overwhelming majority of the molecules in the
fullerene formation mechanism, thermodynamic properties are
estimated by the technique of group additivity, as introduced
by Benson (1976). The technique will be briefly described,
with a review of existing groups for PAH6 and PAH5/6. Since
the existing groups are unable to account for the properties
of the curved fullerenes and their precursors, a new group is
defined to provide a set of groups sufficient for estimation
of the stable IPR (isolated pentagon rule) ring-only
-80-
compounds. Additional groups are defined for the C-C single-
bond links in HBHBD1 and TBHBD1. Properties of a-radicals are
calculated using bond dissociation energy (BDE) corrections to
the stable parent molecule. The estimation being completed,
an overview of the results reveals possible rate-limiting
portions of the fullerene formation mechanism.
AVAILABLE DATA FOR FULLERENES AND THEIR PRECURSORS
The properties for H, H2, and C2H2 are well-known, and
were taken from a standard source, the CHEMKIN Thermodynamic
Data Base (Kee et al., 1990). Experimental data for PAH are
scarce, becoming more scarce for larger molecules. The only
extant data for any of the PAH in the fullerene formation
mechanism is the AHf of fluoranthene, which is 69.1 kcal/mol
(Pedley et al., 1986). At the other end of the mechanism, the
experimental AHf for C60 (g) is 585.0 kcal/mol, taken from the
AHf (c) of Beckhaus et al. (1992) and the AH,,Sb of Pan et al.
(1991). [Recent experimental results for C60, obtained after
the present work was completed, include a AHf determination
about 8% higher than the above value (Steele et al., 1992).
C, has recently been measured for C60 from 120-560 K (Jin et
al._, 1992) . These results are not sufficiently different from
the present work to invalidate the modeling results.]
Calculated thermodynamic properties are based on either
ab-initio or semi-empirical quantum mechanics or molecular
mechanics. Many calculations of the heat of formation of C60
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have been performed (Newton and Stainton, 1986; Bakowies and
Thiel, 1991; Froimowitz, 1991; Beckhaus et al., 1992; Schulman
and Disch, 1991), ranging from 286-973 kcal/mol. Of these
calculations, MM3, at 574 kcal/mol (Beckhaus et al.., 1992),
most closely reproduces the experimental data. Similar
predictions have been made of AHP for C70 (Newton and Stanton,
1986; Bakowies and Thiel, 1991; Froimowitz, 1991; Rudzinski et
al., 1992). Since these also range widely, the most
meaningful basis for comparison is [AHf (C70) /70]/[AHf (C 60 ) /60],
to determine which fullerene is more stable on a per-carbon-
atom basis. For all but the MMP2 calculation (Rudzinski et
al., 1992), which also most seriously underpredicted the AHf
for C60, C70 is predicted to be more stable.
On the low-molecular-weight end of the mechanism,
calculations have been performed for the AHf for corannulene.
Ab-initio values ranged from 117.2 to 123.4 kcal/mol (Schulman
et al., 1989), while MNDO predicts a AHf, of 134.3 kcal/mol
(Bakowies and Thiel, 1991). It is worth noting that both of
these techniques overpredicted AH for C60. In short, the
available data for testing the estimations is limited, and the
best that can be hoped for is for the estimates to show
reasonable trends in the regions between fluoranthene and C60.
EXISTING PAH GROUPS
For predictions of thermochemical properties of PAH6 (PAH
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composed of only 6-membered rings) , the groups of Stein et al.
(Stein et al., 1977; Stein and Fahr, 1985) are the oldest and
most well-known. Revisions of the Stein groups have been
provided by Moiseeva et al. (1989), and Herndon et al.
(Herndon et al., 1992).
Figure 4.1. A PAH6 (C50H22 ) labeled with its constituent
groups as defined by Stein.
A group, as defined by Benson (1976), is a polyvalent
atom, and further modified by the other atoms to which it is
bound. The types of polyvalent atoms extant in PAH6 are CB
(benzene-ring C-atom) and CBF (C-atom at the junction of 2 or
3 benzenoid rings) . The four resulting groups are: (A) CB/H,
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A A A
A A A A
B DD B BA
A D D D A A A
C C C
A DD D D D D A
B
A D0n A
A A A
(B) CBF/CB2/CBF, (C) CBF/CB/CBF2, and (D) CBF/CBF3. Figure
4.1 shows a PAH6, with each of the constituent carbon atoms
labeled as belonging to one of the four groups (A, B, C, D).
The properties of a molecule are estimated by summing the
individual group contributions for AHf,, AS, (intrinsic
entropy), and C. In the case of naphthalene, there are 8
CB/H groups and 2 CBF/CB2/CBF groups. The intrinsic entropy
obtained from group additivity does not contain information on
the symmetry of the molecule, and therefore needs to be
corrected by subtracting R*ln(a), where a is the number of
identical configurations possible by fixed rotations of the
entire structure. (This is called external symmetry. For
structures such as ethane, which have internal rotors, along
which rotation yields identical configurations, this internal
symmetry also needs to be included. None of the structures of
the species in the fullerene formation mechanism has internal
symmetry.) For example, naphthalene has an external symmetry
of 4.
The modification made by Moiseeva et al. (1989) was to
split the CBF/CBF3 (D) groups into D1 groups (those which are
bound to 2 or more groups B or C) and D2 groups (which are
bound to at least 2 other D1 or D2 groups, therefore to no
more than one B or C group). The A, B, and C groups are
defined to be identical to the Stein groups. There is an
ambiguity in their definitions, in that they assert that B and
C groups are at the junction of two rings, and that the D1 and
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D2 groups are at the junction of three rings. The Stein
CBF/CBF3 (D) group can be at the junction of two rings (cf.
Fig. 4.1). There is, therefore a group that is either C or D
depending on which part of the definition is chosen. Figure
4.2 shows the same PAH6 as Fig. 4.1, with the groups as
defined by Moiseeva et al.. The ambiguous group is labeled a
CD group.
Figure 4.2 The PAH6 of Fig. 4.1, with groups as defined by
Moiseeva et al.
Herndon et al. (1992) derived three sets of group values
for PAH6. Two of them are modified Stein groups, with the
third being a bond additivity method, with corrections for
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AAA
A
A
A ~A AA
steric hindrance effects; the authors show this third method
to be identical to one of their other group sets. They keep
the A, B, and C group definitions of Stein, and divide the
CBF/CBF3 group into peripheral and internal groups. Figure
4.3 shows the same PAH6 as previously, with the new groups
called Dp (for peripheral), and Di (internal). For these
groups they obtain parameters both with and without a
correction for resonance stabilization -- a factor which is
multiplied by ln(Kekul6 structure count) for a given molecule.
They claim that this correction greatly improves the accuracy
of their estimates.
The next level of complexity to be considered is that of
groups for PAH containing 5-rings and 6-rings (PAH5/6). As
mentioned above, internal 5-rings. introduce strain into
PAH5/6. This can be expected to increase with the amount of
enclosure of the 5-ring by neighboring 6-rings. Stein and
Barton (1981) developed groups for the types of 5-rings in
indene and acenaphthalene, with the entire 5-ring considered
as a single group to. be added to the parent PAH6. Moiseeva
and Dorofeeva (1990) have developed a group system in which
each atom in a 5-ring is its own group. These groups were
derived for acenaphthalene (group E), acenaphthene (F), indene
(G) , indan -- CHjO (H) , f luorene (I), and f luoranthene (J and
K). The compounds used in determining the E through K groups
can be considered to be flat, i.e. nearly planar, as opposed
to compounds like 4H-cyclopenta[def]phenanthrene,
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AA Di ~ A A C6, -
A.Di .Di cDp c DiADi Di A
A iDi Di Dp DiA
A B A A A
A A A
Figure 4.3 The PAH6 of Figs. 4.1 and 4.2, with groups as
defined by Herndon et al.
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AA
EFigure 4.4 A PAH5/6 (C22H12), showing 5-ring groups (E, J, K)
as defined by Moiseeva and Dorofeeva.
benzo(ghi]fluoranthene, anddicyclopenta[ghi,pqr]perylene, for
which the authors state that their groups are unsuitable, and
which compounds are not flat, having considerable curvature
and ring strain.
Since all PAH5/6 in the mechanism are taken as the most
saturated species possible without benzyne-like triple bonds,
the Moiseeva and Dorofeeva (M&D) groups for acenaphthalene and
fluoranthene (groups E, J, K) are used. Figure 4.4 shows a
PAH5/6 containing the groups E, J, and K. (Note: Only these
three groups are labeled.) As can be seen, the E groups are
the acenaphtha ring (ace ring) analogue to CB/H, J groups are
the C-atoms at the junction of a 5-ring and a 6-ring, and K
groups are the C-atoms at the junction of a 5-ring and two 6-
rings. However, the K group is only defined for "flat"
fluoranthene, and not for curved PAH5/6 (like all the other
PAH5/6 in the fullerene formation mechanism as well as the
fullerenes themselves), so there are, by inference, different
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K groups which need to be defined for curved PAH5/6.
DEFINITION OF C6 (CURVATURE CORRECTION) GROUP
The C6 molecule contains one unique group. This group
will be called KCURV, because, like the M&D K group, the
carbon atom is at the junction of two 6-rings and one 5-ring,
but, unlike the K group for such compounds as acenaphthalene
and fluoranthene, it carries the information on ring strain
and resonance stabilization present in the C6 structure.
The C, and ASO for C6 are taken from the statistical
mechanics calculations of McKinnon (1991), which are based on
the vibrational frequencies calculated by Stanton and Newton
(1988). The AHf for C6 used is the experimental AHf (crystal)
of Beckhaus et al. (1992), and the experimental AH,,bs of Pan
et al. (1991). The ASf, is corrected for the symmetry of C6
(a=60) by adding R*ln(a), yielding ASt. The molecule's
properties are then divided by the number of KCURV groups in
the molecule (= 60) to define the KCURV group. A correction
group K can be further defined by K KCURV - K. K can be
considered to be a lumped ring strain and resonance
stabilization correction group, which can be applied to other
groups in the estimation of curved PAH properties. Still, the
problem remains of which specific groups are to be corrected
and to what extent (i.e., what fraction of K is to be added to
-89-
a given group?). To accomplish thidf, the existing groups (A,
B, C, D, E, J, K) need to reconsidered in greater detail.
DETAILED GROUPS FOR PAH5/6
Moiseeva and Dorofeeva (1990) only consider the ring
environment of their groups E-K. However, simply defining J
as the group at the junction of one 5-ring and one 6-ring and
K as the junction of two 6-rings and one 5-ring does not
describe the groups to which these J and K groups are
attached. As was shown above, not all K groups are
equivalent. K and KCURV are quite different, so the
definitions of these groups also needs to be different.
For the PAH6 groups used, each group is described not
only in terms of its immediate bonding environment, but also
by the groups to which it is bound. For PAH6, the local
environments are CB and CBF. By considering the M&D groups
(of which only E, J, and K are used in the present work) in a
similar manner, the number of groups possible increases
considerably. For example, the E group in acenaphthalene is
connected to one E group, one J group, and one H-atom. This
E group can therefore be written as the E/H/E/J group, in the
style of the PAH6 groups. (In the present work, there is no
confusion between H-atom and the M&D H group for indan. The
indan H group is not used in this thesis. However, this is a
notation problem which should be addressed at some time.) Not
-90-
only does this approach affect the E, J, and K groups, since
CBF groups can also be attached to J and K groups.
The types of CB, CBF, E, J, and K groups found in the
stable ring-only species included in the fullerene formation
mechanism are listed in Table 4.1. (Note: The types of
groups to which CB groups are attached except for substituents
are not considered in the present work.) In describing the
set of ring-only PAH5/6 comprising the fullerene formation
mechanism, tw
are required.
group (K5 --
clearly seen.
stable PAH5/6
of these
of curvature
thermodynamic
fractions of
determine: a
0 CB, nine CBF, four E, nine J, and six K groups
Now the difference between the fluoranthene K
K/CBF/J2) and the C6 group (K2 -- K/K3) can be
The list of groups comprising each of the
in the mechanism can be found in Appendix A.
groups, many can be expected to have some degree
Lacking experimental or even calculated
properties for these species, assessing what
K to add to which groups is impossible to
simplification is needed. The C6 molecule has
60 K of curvature correction. The 5-rings in the fullerenes
and their precursors are the structural features which cause
curvature. A connection can then be drawn between the number
and placement of 5-rings in a structure and the number of K
required. More specifically, it is the K groups which in some
manner cause curvature. A fullerene of any type will have 60
K groups, since it will have exactly 12 pentagons embedded in
the structure. (Only IPR structures are considered. Non-IPR
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structures will require definition of additional groups.)
Yet, by assumption, the K5 (K/CBF/J2) group does not introduce
curvature. Note that the K5 group is the only K group in
which a K atom is not connected to at least one other K atom.
Therefore, the following approximation will be made: K groups
in which the K atom is connected to at least one other K atom
(all K groups except K/CBF/J2) will have a curvature
correction of 1 K, with the exception of pairs of adjacent K3
(K/J2/K) groups, as in pyracyclene, which are similarly
assumed not to introduce curvature. The assumption is that
the resulting effect on the curvature of the other groups can
be captured in considering only the curvature-producing K
groups. It is recognized that this is an approximation.
This assumption will simplify the handling of the other
groups in the following ways: (1) CB groups -- B2 will become
CB/CB; (2) CBF groups -- J and K will be treated as CBF in
determining the group; (3) E groups -- El and E2 will be the
M&D E group, and the E3 and E4 groups will become an E group
similar to the CB/CB group ; 4) J groups -- all J groups will
be equal to the M&D J group; 5) K groups -- K5 and adjacent K3
groups are the M&D K group, with all other K groups set equal
to the C60 group (the K/K3 group the M&D K group + K) .
Therefore, only one new group is used for the PAH5/6: KCURV
= the C60 group. The more detailed definitions of the other
groups may be of use later, when more complete property
information makes their use justifiable. Figure 4.5 is an
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example of a molecule containing all the ring-only groups used
(A, B, C, D, E, J, K, and KCURV, which is signified by an
asterisk * in the figure).
Figure 4.5 A PAH5/6 (C32H 4) containing all the PAH5/6 groups
used in the current estimations for properties of ring-only
species in the fullerene formation mechanism.
This approach has the limitation of neglecting the effect
of curvature of CBF groups in structures like buckytubes, and
more importantly, fullerenes besides C6. This neglect might
affect the accuracy of the estimations. Further work is
needed in this area, but for the present, the results are
considered sufficiently reliable for C70 and for the fullerene
precursors.
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The set of information for estimating the properties of
all the species in the mechanism (component groups, symmetry,
number of rotors) is given in Appendix B. Groups as used for
estimating the properties of the compounds in the present work
are given in Table 4.2. The PAH6 group values (A, B, C, and
D) used are those of Stein (Stein et al., 1977; Stein and
Fahr, 1985), the E, J, and K group values are those of
Moiseeva and Dorofeeva (1990) , and KCURV is as defined above.
New groups for the C5v precursors linked by a C-C bond are
defined as follows: CB/E = (CB/CB + CB/CD); E/E = E/CB = E
+ \(CB/CB - CB/H) + \(CD/CB2-CD/CB/H). (Note: CD is a carbon
atom doubly bound to another C-atom. All groups are from
Benson, 1976; Stein et al., 1977; Stein and Fahr, 1985.)
In the version of the mechanism in which reactions of
type 2 and type 3 are modeled as separate reactions,
properties need to be estimated for the vinyl-substituted
PAH5/6 which are the stable parent molecules for the vinylic
radical adducts. The CD/H2, CB/CD, and CD/CB/H groups are as
defined in Benson, 1976; Stein et al., 1977; and Stein and
Fahr, 1985. Definitions for the other groups are: CD/E/H
CD/CD/H (= CD/CB/H); E/CD = E + (CB/CD - CB/H) + (CD/CB/CD
- CD/CB/H).
Properties of species containing sigma radicals are
derived from those of the corresponding stable compound by
addition of a bond dissociation energy (BDE) group. A sigma
radical attached to a 6-ring (CB/H) can be either a primary,
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PHS PHT VINS
PHP VIN
Figure 4.6. 2-ethenyl-anthracene, with possible types of a-
radical sites labeled as to their respective bond
dissociation energy (BDE) groups. See text for discussion.
secondary, or tertiary phenyl radical (PHP, PHS, and PHT,
respectively), depending on whether the carbon atom which
loses the H atom is bound to zero, one or two CBF groups,
respectively (Tsang, 1986; Chen et al., 1989). Radicals
attached to a 5-ring (E group) are modeled as secondary vinyl
(VINS) radicals, while the radical at the end of an attached
vinyl group is a primary vinyl (VIN) radical (Ervin et al. ,
1990). Figure 4.6 shows a molecule with an example of each of
these sites labeled.
ESTIMATED PROPERTIES FOR FULLERENES AND PRECURSORS
The complete list of estimated thermochemical properties
is given in Appendix C. Figure 4.7 plots AHf (298 K) per
carbon atom for the stable ring-only species vs. number of
-95-
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carbon atoms for the C60 and C70 direct formation sequences.
Two energetically uphill regions, which may be rate-limiting
portions of the mechanism, are noticed, the first being from
FLTHN to HB, and the other at the cage closing sequences for
C60 and C7. (Chapter 8 will cover rate-limiting steps in the
mechanism in detail.) By comparison, the cage-closing
sequences in coagulation portion of the mechanism (Figures
4.8, 4.9), are not nearly as steep an uphill process.
The relative stabilities of C60 and C70 predicted by the
group additivity method are compared to calculated relative
stabilities, as the ratio of AH, per carbon atom of C70 over
that of C60 (Fig. 4.10) . The group additivity method predicts
the relative stability of C70 to be greater than does any of
the other calculations. This may result from not accounting
for the curvature of the PAH6 groups. Nevertheless, the
results are consistent enough with the other approaches to use
in the present modeling work.
CONCLUSIONS
A group additivity method, based on existing PAH5 and
flat PAH5/6 groups, is developed -for curved PAH5/6 and
fullerenes by inclusion of a group based on the properties of
C6. Estimations for the thermochemical properties of the
species in the fullerene formation mechanism are internally
consistent, and therefore sufficiently reliable to use in the
-97-
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preliminary kinetic test of plausibility, and for analyses
such as global equilibrium calculations. A preliminary study
of the heats of formation of the stable species in the
mechanism suggests possible rate-limiting portions of the
mechanism: 1) the growth sequence from FLTHN to HB, and 2)
the cage-closing sequences in the direct formation of C60 and
C 70.
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Table 4.2 -- Thermochemical groups used in estimations. See text for discussion.
UNITS:KCAL
Ring-only groups for IPR PAH5/6
Hf S Cp: 300 400 500 600 800 1000 1500
A& 3.30 11.53 3.24 4.44 5.46 6.30 7.54 8.41 9.73
Bb 4.80 -5.00 3.68 3.68 4.20 4.61 5.20 5.70 6.20
cb 3.70 -5.00 3.68 3.68 4.20 4.61 5.20 5.70 6.20
Db 1.50 1.80 2.00 3.11 3.90 3.44 4.70 5.30 5.70
Ec 12.72 15.61 3.40 4.45 5.50 6.27 7.40 8.19 9.36
JC 4.08 -4.782 3.07 3.75 4.30 4.73 5.35 5.72 6.18
K* 18.18 6.228 -1.33 -0.12 0.98 1.87 3.06 3.76 4.55
KCURV 9.75 2.176 1.77 2.55 3.18 3.68 4.40 4.84 5.36
Groups for C-C links between PAH5/6
E/Ed 14.16 -5.91 3.56 4.60 5.28 5.59 5.94 5.99 6.01
E/CBd 14.16 -5.91 3.56 4.60 5.28 5.59 5.94 5.99 6.01
CB/Ed 5.32 -8.22 3.46 4.09 4.63 4.99 5.52 5.78 5.90
Groups for vinylic adducts on PAH5/6
CD/H2b 6.26 27.61 5.10 6.36 7.51 8.50 10.07 11.27 13.19
CB/CDb 5.69 -7.80 3.59 3.97 4.38 4.72 5.28 5.61 5.75
CD/CB/Hb 6.78 6.38 4.46 5.79 6.75 7.42 8.35 9.11 10.09
E/CDd 14.11 -5.49 3.69 4.47 5.02 5.32 5.70 5.82 5.86
CD/E/Hd 6.78 6.38 4.46 5.79 6.75 7.42 8.35 9.11 10.09
Bond dissociation energies (BDE's)
PHP* 113.65 1.12 -0.87 -1.61 -2.22 -2.71 -3.41 -3.84 -4.50
PHS' 112.15 1.12 -0.87 -1.61 -2.22 -2.71 -3.41 -3.84 -4.50
PHT' 110.15 1.12 -0.87 -1.61 -2.22 -2.71 -3.41 -3.84 -4.50
VINE 110.00 1.06 -0.16 -0.67 -1.17 -1.65 -2.55 -3.31 -4.50
VINSE 108.00 1.06 -0.16 -0.67 -1.17 -1.65 -2.55 -3.31 -4.50
Notes: (a) Stein, S.E.; Golden, D.M.; Benson, S.W. J.Phys.Chem. 1977, 81, 314.
(b) Stein, S.E.; Fahr, A. J.Phys.Chem., 1985, 89, 3714.
(c) Moiseeva, N.F.; Dorofeeva, O.V. Thermochimica Acta 1990, 168, 179.
(d) See text for definition.
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(e) Tsang, W. J.Phys.Chem., 1986, 90, 1152.
(f) Chen, R.H.; Kafafi, S.A.; Stein, S.E. J.Am.Chem.Soc., 1989, 111, 1418.
(g) Ervin, K.M.; Gronert, S.; BarLow, S.E.; GiLles, M.K.; Harrison, A.G.; Bierbaum, V.M.; DePuy, C.H.; Lineberger, W.C.; Ellison, G.B.
J.Am.Chem.Soc., 1990, 112, 5750.
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Chapter 5 -- Global Equilibrium Calculations
Independent of kinetic testing of the mechanism, a
general assessment of thermodynamic driving forces in flame
environments can be obtained from what are called global
equilibrium calculations. In this approach, a set of species
and their thermodynamic properties are input, and the
equilibrium concentrations of the entire mixture is given for
a set of input conditions (input mole fractions, temperature,
pressure). The software used is the version of STANJAN
(Reynolds, 1986) compatible with the CHEMKIN-II subroutine
packages (Kee et al., 1989). One of the advantages of STANJAN
is that the free energy of the species set is minimized
without need for a set of reactions as constraints. The
results are, however, dependent upon the species set chosen,
as will be seen by comparing the results against a similar
calculation by McKinnon (1991).
The global equilibrium calculations performed are of two
types. The first is a sweep of the space of temperature (1000
- 3000 K), pressure (20 Torr - 10 atmospheres), and
equivalence ratio (1.8 - 3.0; same as C/O ratio range 0.72 -
1.2) for flames of benzene, oxygen, and 10 mol % argon feed.
Trends for fullerene formation with respect to these variables
are sought. The second set of calculations considers the
-105-
conditions of two experimentally studied benzene flames, to
assess how well global equilibrium predicts the concentrations
of species important to the fullerene formation mechanism (H,
H2 , C2H2 ) . The specific flames are: 1) the near-sooting
($=1.8) benzene/oxygen/30% argon flame of Bittner and Howard
(1981), and 2) the sooting ($=2.2) benzene/oxygen/10% argon
flame of McKinnon (1989), for which C60 and C70 profiles were
obtained by Mitra et al. (1992).
INPUTS FOR THE GLOBAL EQUILIBRIUM CALCULATION
The set of species used in the global equilibrium
calculation is an extended version of that used by McKinnon
(1991), and is given in Table 5.1. Argon (species 1 in the
table) is used as a diluent in the two flames mentioned above.
Species 2-4 are flame radical species usually present in
significant concentrations; all other species in the set are
stable compounds. Species 5-30 are representative flame
compounds, both hydrocarbons and oxygen-containing species.
All the remaining species are aromatics. Nomenclature for
species 31-47 is that of Frenklach et al. (1984). The number
after A in the species name is the number of benzenoid rings.
For example, Al is benzene, A2 is naphthalene, A4 is pyrene,
A7 is coronene, and A10 is ovalene. The set of species used
by McKinnon is 2-47, and 99 (C6).
-106-
The present work differs from -that of McKinnon in the
following ways: 1) the C60 properties use the experimental AHf
for C6; 2) only benzene flames are considered (therefore, the
C/H atomic ratio is fixed at unity); and 3) the species set is
expanded to include not only all the stable species in the
fullerene formation mechanism (species 71-132), but also an
extended series of most peri-condensed PAH6 (species 48-70) up
to and including C96H24 (circumcircumcoronene -- A37 in
Frenklach nomenclature). Nomenclature for the species in the
fullerene formation mechanism is described in Chapter 3. The
notation for the PAH6 beyond A10 (ovalene) is that of Pope's
extension (1988) of the nomenclature of Dias (1984).
Dias considered the sequence of PAH6 for which only one
isomer exists, which is listed in Table 5.2 for species up to
C170H32  along with what would be analogous Frenklach
nomenclature. He numbered each species in the series with the
greek letter tau (r). The extension of Pope was to consider
the isomers of the PAH6 between the one-isomer compounds which
have structures which could directly form the next larger one-
isomer compound. The notation kept the r of Dias, while
indicating the number of rings added to the parent one-isomer
compound with upsilon (T). Ovalene then becomes T=5, T=O --
in the ASCII name used in the computer simulations, T5UO.
Upsilon=1 structures require net C4H2 additions to form a
benzenoid ring. T5U1 is benzo[a]ovalene. For upsilon > 2,
net C2 additions form rings along the edge of the structure.
-107-
Even within this narrowly-defined pathway isomers are
possible. T5U2 (naphtho-ovalene) has two possible structures.
T5U3 can either be a anthro-ovalene or phenanthro-ovalene. In
naming isomers, the lower letter (e.g. T5U2A, T5U2B) goes to
either 1) the more symmetrical arrangement of the added rings
beyond the parent one-isomer structure, or 2) the isomer with
the most rings beyond the parent one-isomer structure lying
along the longer of the two edges along which growth to the
next one-isomer structure occurs.
The extended PAH6 sequence is included to allow for a
greater ability to predict the thermodynamic trend toward
large PAH6 formation as opposed to fullerene formation. A
greater tendency toward PAH6 formation is considered to
reflect a tendency toward soot formation in that large PAH6
might be considered to have thermodynamic properties closely
resembling the graphitic regions of soot (Wang et al., 1981) .
Use of graphite as a thermodynamic model compound for soot
leads to unrealistic predictions of all carbon existing as
graphite. The resulting global equilibrium predictions give
an indication of the relative tendency of a given combustion
environment towards production of fullerenes vs. large PAH6
and soot.
TRENDS W.R.T. TEMPERATURE, PRESSURE, AND EQUIVALENCE RATIO
-108-
Calculations were performed with the above species set
for all the combinations of temperature, pressure, and
equivalence ratio ($) possible from the values shown in Table
5.3. The output was in the form of equilibrium mole fractions
of all the input species.
The most general result is that no fullerenes or PAH were
predicted to form for $ 2.5 (C/O 1) . It was found that CO
(and for $ < 2.5, C02) is the most strongly favored carbon-
containing product. The amount of carbon which was predicted
to form any carbonaceous compound was the inlet amount of
carbon minus the amount of carbon forming CO (which was >
99.7% of the possible CO). (There was an exception to the
above at the lowest temperature and highest pressure, which
will be discussed below.) Benzene flames can form soot and
fullerenes at $ < 2.5, which shows that these products of
molecular-weight growth are under kinetic control.
Another overall result is that, in the regions where
fullerenes are predicted to form, the C70/C60 ratio is extremely
high, usually > 104. Figure 5.1 shows predicted C70/C 60 ratios
for $=2.6-3.0, T=1000-3000 K, and p=20 Torr. As discussed in
Chapter 4, the ratio of the amounts of these two fullerenes
actually formed in reactors is under kinetic control.
Figure 5.2 shows the equilibrium mole fractions of C60 for
$=3.0 vs. temperature for the four pressures considered.
Although the absolute mole fraction of C60 is considerably less
than predicted previously (McKinnon, 1991), the general
-109-
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Figure 5.1. Global equilibrium predictions of C7o/Co ratio
at different temperatures for p=20 Torr.
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Figure 5.2. Equilibrium mole fraction of C60 vs. temperature
as a function of pressure for @=3.0.
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Figure 5.3. Equilibrium mole fraction of C7O vs. temperature
as a function of pressure for #=3.0.
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3000
conclusions are similar. C60 production is most strongly
favored in the 2000-2500 K range, and increasing pressure
decreases both the predicted mole fraction and the temperature
range in which C60 is favored. Predicted C70 mole fractions are
shown for @=3.0 vs. temperature for the four pressures
considered in Fig. 5.3. Like C60, increasing pressure
disfavors C70 formation in both the amount predicted and the
narrowed temperature range. C70 is favored at lower
temperatures than is C., for reasons considered below.
The type of (hydro)carbon favored for a given pressure
and 5 as a function of temperature changes with increasing
temperature. The case of p=20 Torr will be considered next,
for @=3.0. Since the C/o ratio is 1.2, or equivalently, the
0/C ratio is 5/6, and since CO formation consumes almost all
the oxygen (> 99.8%), only 1/6 of the inlet carbon is
available for formation of hydrocarbons and fullerenes. (This
conclusion was found to be similar for the range 0=2.6-3.0,
i.e., the available carbon was what remained after complete
conversion of the oxygen to Co.) With increasing temperature,
the major products were large PAH6 (T1OUO -- C96H24 ), then
fullerenes (C70), and then C2H2 and polyacetylenes. (The same
general trend of PAH6 then fullerenes then C2H2/polyacetylenes
was predicted by McKinnon.) Figure. 5.4 plots these major
products, expressed as a fraction of the available carbon) vs.
temperature. At 1500 K, over 98% of the available carbon (>
16.4% of the inlet carbon) appears as C70! Also, C70 appears at
-113-
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lower temperatures than does C6o. Since the estimated
properties of C70 were a combination of PAH6 groups and the C60
group, the molecule is a kind of thermodynamic hybrid, so it
is not surprising that the temperature range at which it is
favored includes lower temperatures than those for C60,
claiming part of the PAH6 temperature range. Also, almost all
of the available C is accounted for by PAH6, fullerenes, and
acetylene. (C2H2 is the main contributor to the polyacetylene
pool under all conditions considered). The predicted
equilibrium stoichiometry for C/O > 1 is quite simple.
Virtually all of the oxygen forms CO. Almost all of the
remaining carbon forms either PAH6, fullerenes, or
polyacetylenes. Whatever hydrogen is not bound to carbon ends
up as either H2 or H atom. (Of course, the argon remains as
argon.) So, of the 132 species included in the analysis, the
results at 20 Torr can be to a large degree (> 95%) be
summarized by considering only 7 species: T1OUO, C7 0, C2H2, CO,
H2, H, and Ar.
A similar analysis is done for the results for #=3.0 at
p=10 atmospheres (Fig. 5.5). At lower temperatures, in
addition to the above species, CH4, C02, and H20 become major
products at this pressure. The results are therefore
expressed in terms of fraction of inlet C, since the
hydrocarbons/fullerenes constitute more than the 1/6 of the
inlet carbon "available" by the analysis at 20 Torr. The most
important result in terms of fullerenes is that, although the
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amount of fullerenes (C20) predicted- is much less than at 20
Torr, and in a much more narrow temperature range (-2300 K),
as much as 3.8% of the inlet C is predicted to be fullerenes.
There is thermodynamically a high-pressure range of possible
fullerene formation. High pressure would increase the
absolute amount of fullerenes formed, so, if these results
reflect reality, then such a high-pressure process could be of
practical importance in future fullerene-producing combustion
systems, since higher pressures mean greater throughput, and
more actual product created.
COMPARISON WITH FLAME DATA
Global equilibrium predictions of H, H2, and C2H2 mole
fractions were compared with flame data to assess the ability
to predict these species' concentrations for use as input into
the fullerene formation mechanism. The first flame considered
is a C6H6 /0 2/30 mol% Ar flame at 20 Torr, with $=1.8 (Bittner
and Howard, 1981) . Among the individual species profiles
measured are all three of the species under consideration.
The second flame is a C6H6/0 2 /10 mol% Ar flame at 40 Torr, with
$=2.2 (McKinnon, 1989). No radical profiles were measured in
this flame, but H2 and C2H2 data are available for comparison.
C2H2 , like all the other hydrocarbons, is predicted to be
in extremely low concentrations for $:52.5. Figure 5.6 shows
predictions vs. T at 20 Torr for $=2.2-2.7. Since the mole
-117-
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Figure 5.6. Equilibrium mole fraction of C2H2 vs. T for p=20
Torr, 0=2.2-2.7.
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fraction of C2H2 in the two experimentally studied flames is of
order 10-2-10-1, global equilibrium is seen to be useless for
predicting the C2H2 mole fraction.
H-atom data (Bittner and Howard, 1981) and predictions
are compared in Fig. 5.7. Flame concentrations of H-atom are
at least 2.8 times the equilibrium values for all flame
temperatures. Similar comparisons for H2 are shown for the
$=1.8 flame (Fig. 5.8), and the $=2.2 flame (Fig. 5.9). Flame
H2 mole fractions range from 0.3-0.6 of the equilibrium values
in both flames.
CONCLUSIONS
Equilibrium predictions for C0 and C70 formation in flames
show a window of temperatures, centering around 2000 K,
favoring fullerene formation. Below these temperatures, PAH6
are favored, and above these temperatures, C2H2 and
polyacetylenes are favored. C70 is overwhelmingly favored over
C60, consistent with other thermodynamic predictions. C70 is
also predicted at lower temperatures than is C60, probably due
to the hybrid nature of the groups used in estimating its
properties. Increasing pressure strongly decreases predicted
yields of fullerenes, although C70 formation is predicted to a
limited degree at the highest pressure considered (10
atmospheres).
-119-
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Table 5.1. List of species considered in global equilibrium
calculations. See text for nomenclature.
SPECIES
CONSIDERED
1. AR
2. H
3. 0
4. OH
5. H2
6. CH4
7. C2H6
8. C3H8
9. C2H2
10. C4H2
11. C6H2
12. C8H2
13. C2H4
14. C3H2
15. C3H4
16. C3H6
17. C4H4
18. C4H6
19. C4H8
20. C5H2
21. C5H6
22. C6H10
23. CH2CO
24. CH20
25. CH3HCO
26. CH30H
27. CO2
28. CO
29. H20
30. 02
31. Al
32. A1C2H
33. A1C2H3
34. A1C6H5
35. A1C2H2U
36. A2
37. A2R5
38. A3
39. A3R5
40. A4
41. A4R5
42. A5
MOLECULAR
WEIGHT
39.948
1.007
15.999
17.007
2.015
16.043
30.070
44.097
26.038
50.060
74.082
98.105
28.054
38.049
40.065
42.081
52.076
54.092
56.108
62.071
66.103
82.146
42.037
30.026
44.053
32.042
44.009
28.010
18.015
31.998
78.114
102.137
104.152
154.213
103.144
128.175
152.197
178.235
202.258
202.258
226.280
252.318
ELEMENT COUNT
C H 0 AR
0 0 0 1
0 1 0 0
0 0 1 0
0 1 1 0
0 2 0 0
1 4 0 0
2 6 0 0
3 8 0 0
2 2 0 0
4 2 0 0
6 2 0 0
8 2 0 0
2 4 0 0
3 2 0 0
3 4 0 0
3 6 0 0
4 4 0 0
4 6 0 0
4 8 0 0
5 2 0 0
5 6 0 0
6 10 0 0
2 2 1 0
1 2 1 0
2 4 1 0
1 4 1 0
1 0 2 0
1 0 1 0
0 2 1 0
0 0 2 0
6 6 0 0
8 6 0 0
8 8 0 0
12 10 0
8 7 0
0
0
10 8 0 0
12 8 0 0
14 10
16 10
16 10
18 10
20 12
0
0
0
0
0
0
0
0
0
0
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43. A6
44. A7
45. A8
46. A9
47. A10
48. T4U1
%49. T4U2
50. T5UO
51. T5U1
52. T5U2A
53. T5U2B
54. T5U3A
55. T5U3B
56. T6UO
57. T6U1
58. T6U2
59. T6U3A
60. T6U3B
61. T6U4
62. T7UO
63. T7U1
64. T7U2
65. T7U3A
66. T7U3B
67. T7U4
68. T8UO
69. T9UO
70. T1OUO
71. FLTHN
72. BGHIF
73. COR
74. COR1
75. COR2
76. COR3
77. COR4
78. HB
79. HB1
80. HB2
81. HB3
82. HB4
83. TB
84. TB1
85. TB2
86. TB3
87. TB4
88. FB
89. FB1
90. FB2Q
91. FB2QR
92. FB2QRD
93. FB3Q
94. FB3QD
276.340
300.363
350.423
374.446
398.468
350.423
374.446
398.468
448.528
472.551
472.551
496.573
496.573
520.595
570.656
594.678
618.700
618.700
642.723
666.745
716.806
740.828
764.850
764.850
788.873
812.895
983.067
1177.261
202.258
226.280
250.302
274.325
298.347
322.369
346.391
370.414
394.436
418.458
442.481
466.503
490.525
514.548
538.570
562.592
586.614
610.637
634.659
658.681
658.681
656.665
680.688
678.672
22 1-2
24 12
28 14
30 14
32 14
28 14
30 14
32 14
36 16
38 16
38 16
40 16
40 16
42 16
46 18
48 18
50 18
50 18
52 18
54 18
58 20
60 20
62 20
62 20
64 20
66 20
80 22
96 24
16 10
18 10
20 10
22 10
24 10
26 10
28 10
30 10
32 10
34 10
36 10
38 10
40 10
42 10
44 10
46 10
48 10
50 10
52 10
54 10
54 10
54 8
56 8
56 6
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95. FB4Q 702.694 58 6 0 0
96. FB4QD 700.678 58 4 0 0
97. FB5Q 724.700 60 4 0 0
98. FB5QD 722.684 60 2 0 0
99. C60 720.669 60 0 0 0
100. HBHBD1 738.812 60 18 0 0
101. HBHBD2 736.796 60 16 0 0
102. HBHBD3 734.780 60 14 0 0
103. HBHBD4 732.764 60 12 0 0
104. HBHBD5 730.748 60 10 0 0
105. HBHBD6 728.732 60 8 0 0
106. HBHBD7 726.716 60 6 0 0
107. HBHBD8 724.700 60 4 0 0
108. HBHBD9 722.684 60 2 0 0
109. FB2 658.681 54 10 0 0
110. FB3 682.704 56 10 0 0
111. FB4 706.726 58 10 0 0
112. XB 730.748 60 10 0 0
113. XB1 754.771 62 10 0 0
114. XB2Q 778.793 64 10 0 0
115. XB2QR 778.793 64 10 0 0
116. XB2QRD 776.777 64 8 0 0
117. XB3Q 800.799 66 8 0 0
118. XB3QD 798.783 66 6 0 0
119. XB4Q 822.806 68 6 0 0
120. XB4QD 820.790 68 4 0 0
121. XB5Q 844.812 70 4 0 0
122. XB5QD 842.796 70 2 0 0
123. C70 840.780 70 0 0 0
124. TBHBD1 858.923 70 18 0 0
125. TBHBD2 856.908 70 16 0 0
126. TBHBD3 854.892 70 14 0 0
127. TBHBD4 852.876 70 12 0 0
128. TBHBD5 850.860 70 10 0 0
129. TBHBD6 848.844 70 8 0 0
130. TBHBD7 846.828 70 6 0 0
131. TBHBD8 844.812 70 4 0 0
132. TBHBD9 842.796 70 2 0 0
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Table 5.2. One-isomer (T) sequence-of PAH6 of Dias up to
T=14.
empirical
T formula trivial name -- Frenklach name
1 CA benzene -- Al
2 CIOHg naphthalene -- A2
3 C16HI pyrene -- A4
4 C24H12  coronene (circumbenzene) -- A7
5 C32HI4  ovalene (circumnaphthalene) -- A10
6 C42H16  circumpyrene -- A14
7 C54H 8  circumcoronene -- A19
8 C66H20 circumovalene -- A24
9 C8OH22 dicircumpyrene -- A30
10 C96H2 dicircumcoronene -- A37
11 C16 dicircumovalene -- A44
12 C130H8 tricircumpyrene -- A52
13 C150H30  tricircumcoronene -- A61
14 C170H32 tricircumovalene -- A70
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Table 5.3. Conditions for global equilibrium calculations
performed.
Pressure (atm) Temperature (K) Equivalence Ratio
1/38 (20 Torr) 1000 1.8
5/38 (100 Torr) 1250 1.9
1.0 1500 2.0
10.0 1600 2.1
1700 2.2
1800 2.3
1900 2.4
2000 2.5
2100 2.6
2200 2.7
2300 2.8
2400 2.9
2500 3.0
2750
3000
-125-
Chapter 6 -- Modeling of <p =1.8 Flame
INTRODUCTION
One-dimensional or flat flames have strong axial
diffusion, complicating data analysis and kinetic modeling.
The high mass data shown in Chapter 2 are an example of how
concentration data do not directly yield kinetic information.
Even something as fundamental as the equivalence ratio can
change considerably from the inlet 5 due to diffusion. Figure
6.1 shows the local 5, calculated from the experimental mole
fraction profiles, for the $=1.8 benzene/oxygen/30 mol% argon
flame of Bittner (Bittner, 1981; Bittner and Howard, 1981;
Howard and Bittner, 1983), and in Fig. 6.2 for the $=2.2
benzene/oxygen/10 mol% argon flame of McKinnon (1989). The
mole fraction data for Fig. 6.1 include 53 individual species
as well as the 200+ amu data shown in Chapter 2, while the
data for Fig. 6.2 are for thirteen light gas species (H2, 02,
CO, CO 2, CH4 , H20, Ar, 02H2, C2H4 , C2H6, C4H2, C4H4 , C6H6 ) -
After a description of the constitutive equations for
flat flames, the technique for estimation of the transport
parameters for the species in the fullerene formation
mechanism will be described. The remainder of the chapter
will focus on modeling Bittner's $=1.8 flame, using an
existing chemical mechanism for benzene destruction and growth
-126-
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of PAH up to acenaphthalene (Harris--et al., 1988). Special
attention is paid to prediction of species pertinent to the
fullerene formation mechanism, to assess the suitability of
flame codes modeling for kinetic testing of the chemistry
presented in Chapter 3.
ONE-DIMENSIONAL FLAME EQUATIONS
To obtain net reaction rates from experimental data, as
was done for the high-mass data shown in Chapter 2, the so-
called one-dimensional flame equations of Fristrom and
Westenberg (1965) are used. The net reaction rate for a given
species i (Ki) is the derivative of the molar f lux of i (Fi)
with respect to distance from the burner surface (z). The
resulting equation, after correcting for the area expansion
ratio (A) is:
d
The molar flux is defined as
x1 *p*A *(v+Vi)
R*T
where xi = mole fraction of i
p = flame pressure
R = ideal gas constant
T = temperature
v = mass-average convection velocity
Vi = diffusion velocity of i.
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The diffusion velocity of i arising from concentration
gradients is
Di,Mix dxi
x dz
where Di, is the diffusion coefficient for i in the mixture.
The mixing rule of Wilke (1950) is used to obtain mixture
diffusion coefficients from the binary diffusion coefficients.
Binary diffusion coefficients were obtained from the Lennard-
Jones (12,6) intermolecular potential. The mass average
velocity is given by
v =( p*v)(p*A (X x*Ms )
R*T)
where p = mass density of the gas, Mi = molecular weight of
species i.
It can be seen that a considerable amount of data are
needed to obtain accurate rate data from flat flame
concentration data -- a temperature profile, the mole fraction
profile of the species of interest, and mole fraction profiles
of enough of the other flame species to be able to obtain
mixture diffusion coefficients, the area expansion ratio, and
Lennard-Jones parameters for the individual species. Just as
for the thermodynamic properties for the species in the
-130-
fullerene formation mechanism, transport properties for these
species need to be estimated.
ESTIMATION OF LENNARD-JONES PARAMETERS
Details of the approach are described elsewhere (Pope,
1988). The parameters for the Lennard-Jones (12,6) potential
are a, a measure of the size of the atom or molecule in A, and
E/k, where k is Boltzmann's constant, the depth of the
potential well in Kelvins. Binary diffusion coefficients are
obtained from Lennard-Jones parameters by
0.0018583*Tl- 5 * -( )
D12 )\ M, M2D12 2 * 12
where M,.M2 = molecular weight
p pressure (atm)
12= a collision integral based on kT/E12
'E12 = ( E I 2) 1/2
a12 = (U1+a 2)/2
The following estimation technique is designed for ring-
only PAH6 or PAH5/6. Only the final equations are shown
below. Briefly, critical temperatures and pressures are
estimated for the species by the method of Forman and Thodos
(as described in Reid and Sherwood, 1966), which are used in
correlations for a and E/k (Bird et al., 1960).
For a ring-only PAH CHY, the Forman and Thodos method
-131-
obtains the parameters a and b for the van der Waals equation
of state by:
a = [11561*X+85*y]3/
2 cm-atm
mol 2
b = [1.634*x+4.357*y]V
The critical properties are obtained from a and b:
Tc (K) = 8*a 
27 *b*R Pc (atm) = a27 *b 2
where R=82.06 cm3-atm/ (mol-K) . Finally, the correlations for
a and e/k are:
U (A) = 2.44* Tc
PC 1/
' (K) = 0.77*Tck
where TC is in Kelvins, and Pc is in atmospheres. Table 6.1
lists a and e/k for the stable ring-only species in the direct
formation pathway for C6, and C70. When experimental or
calculated transport data become available, the estimated
Lennard-Jones parameters can be compared with data, but until
then, the results are at least internally consistent and not
physically unreasonable.
MODELING OF <=1.8 FLAME
-132-
The software used for modeling the $=1.8 flame was the
flame code of Sandia (Kee et al., 1985) compatible with the
CHEMKIN-II chemical kinetics subroutine package (Kee et al.,
1989) and multicomponent transport subroutine package (Kee et
al._, 1986). Thermodynamic properties were taken from the
Sandia thermodynamic data base (Kee et al. , 1990) or estimated
from group additivity (Benson, 1976). The reaction mechanism
is that of Harris et al. (1988). The rate and transport
equations are solved as a two-point boundary value problem,
with an inlet condition of zero mass flux at the flame side of
the burner surface, and a zero mole fraction gradient at the
end of the flame, for all species in the mechanism. Pressure,
the inlet gas composition and velocity, and the temperature
profile are all inputs. The solution method is a finite
element method, with grid points added beyond the initial grid
at regions of highest first and second derivatives of the
species mole fractions. The solution algorithm is a modified
Newton method, coupled with a time-stepping algorithm when the
Newton method fails to converge. The solutions presented
required 7 hours of CPU time on the MIT CRAY-2.
The following figures compare the mole fraction data of
Bittner (Bittner, 1981; Bittner and Howard, 1981) to solutions
of the Harris model obtained in the present work and by Harris
(Harris et al. , 1988; Harris, personal communication) . Two
solutions were obtained in the present work, using different
grid adaptation parameters, as shown in the following figures
-133-
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as grid A and grid B solutions. As mentioned above, the focus
of this simulation was to assess the suitability of flame code
modeling for testing the fullerene formation mechanism.
Discussion of the results will focus on selected major species
and on those of importance to the fullerene formation
mechanism, i.e. H, H2, and C2H2. The complete solutions for
all species in Harris's mechanism are given in Appendix D for
both solution grids.
All solutions fit the data well for the inlet reactants,
benzene (Fig. 6.3) and 02 (Fig. 6.4), with the present work
perhaps being a better fit. The model predictions for two of
the major products, CO (Fig. 6.5) results show reasonable
agreement with data, while those for H2 (Fig. 6.6) are only
fair. This is of importance since H2 is included in the
fullerene formation mechanism.
Next, selected intermediate species will be considered.
Predictions of the C2H2 mole fraction (Fig. 6.7) show
reasonable agreement, but all the solution sets have regions
of considerable divergence from the data. Light radicals such
as H-atom are of major importance in the chemistry of the
flame. As can be seen in Fig. 6.8, all model solutions
greatly overpredict the H-atom mole fraction, with solutions
from the present work fitting the data worse than the solution
of Harris. OH is important as an oxidizing species, as well
as in H-abstraction. The OH mole fraction is also
overpredicted (Fig. 6.9).
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As will be demonstrated in the next chapter, predictions
of the fullerene formation mechanism are very sensitive to the
concentrations of the supporting species H, H2, and C2H2 .
Therefore, even though there is reasonable qualitative
agreement in the predictions for these three species, the
results are not considered sufficiently reliable for appending
the fullerene formation mechanism to a flame chemistry
mechanism such as Harris's. An additional complication is
that no kinetic mechanism has been developed for the initial
fullerene precursors, such as fluoranthene. Also, the
fullerene precursor formation chemistry would have to be added
to existing PAH growth chemistry. Due to the similarities
between the fullerene formation mechanism and other flat PAH
growth chemistry, predictions for the fullerene precursors
might also be unreliable. Model results for naphthalene
(CI0H8), shown in Fig. 6.10, indicate that even formation of
the second aromatic ring is difficult to predict
quantitatively.
Therefore, testing the fullerene formation mechanism by
flame code modeling would produce results of questionable
reliability, with the possible source of error being difficult
to uncouple and analyze. A computationally intensive test
such as flame code modeling would be better performed when the
supporting chemistry is sufficiently well-developed as to
produce reliable predictions. Since the present work is
concerned with a preliminary test of kinetic plausibility,
-142-
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other, simpler methods of testing the'-mechanism might be more
fruitful. Such modeling is described in the next chapter.
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Table 6.1 -- Lennard-Jones parameters for the stable ring-only
species in the direct formation pathway for C60 and C70.
species e/k (K) a (A)
FLTHN 776.2 7.407
BGHIF 870.7 7.559
COR 961.3 7.708
COR1 1048.2 7.853
COR2 1131.4 7.995
COR3 1211.1 8.133
COR4 1287.5 8.269
HB 1360.7 8.402
HB1 1431.0 8.533
HB2 1498.4 8.661
HB3 1563.1 8.787
HB4 1625.4 8.910
TB 1685.3 9.032
TB1 1742.9 9.151
TB2 1798.5 9.269
TB3 1852.1 9.384
TB4 1903.8 9.498
FB 1953.7 9.611
FB1 2002.0 9.721
FB2Q 2048.7 9.830
FB2QR 2048.7 9.830
FB2QRD 2243.4 9.536
FB3Q 2287.7 9.648
FB3QD 2515.4 9.346
FB4Q 2556.1 9.461
FB4QD 2823.1 9.151
FB5Q 2858.7 9.269
FB5QD 3172.9 8.951
C60 3553.0 8.619
FB2 2048.7 9.830
FB3 2093.9 9.938
FB4 2137.7 10.044
XB 2180.1 10.149
XB1 2221.3 10.252
XB2Q 2261.2 10.354
XB2QR 2261.2 10.354
XB2QRD 2450.7 10.079
XB3Q 2488.3 10.184
XB3QD 2705.5 9.902
XB4Q 2739.9 10.009
XB4QD 2989.3 9.721
XB5Q 3019.3 9.830
XB5QD 3306.6 9.536
C70 3645.5 9.230
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Chapter 7 -- Preliminary Kinetic Testing of
Fullerene Formation Mechanism
INTRODUCTION
Since modeling the chemistry of the entire flame in the
process of kinetic testing of the fullerene formation
mechanism was found to be unfeasible, a simplified modeling
approach is used. Since modeling predictions for H, H2 , and
C2H2 were found to be unreliable, a suitable alternate approach
is to use values for these species's concentrations from flame
data.
The conditions of the 0=2.2 benzene flame of McKinnon
(McKinnon, 1989; Howard et al., 1992a; Mitra et al., 1992)
were selected for testing the fullerene formation mechanism
because it is a known fullerene-producing flame, and a
considerable amount of supporting data are available for it,
such as temperature, C60, C70, H2 , and C2H2 profiles. The system
will be modeled as a plug-flow system without axial diffusion.
Although diffusion has been found to affect the concentration
profiles of high molecular-weight compounds in flames (Pope,
1988) , the effect is small enough to be neglected here, given
the preliminary nature of the test being performed. The
profiles for the contributing lighter species (H, H2, and C2H2 )
are approximated as a constant-valued input at the beginning
-146-
of the region of the flame being simulated, with their
resulting concentration profiles being nearly flat (see
below). This approximation is reasonable because the zone in
which much of the fullerene formation occurs is downstream of
the zone of the most intense species concentration gradients.
Simulations were done using the CHEMKIN-II subroutine packages
(Kee et al., 1989) and a plug-flow simulator, SENKIN (Lutz et
al., 1988). Each calculation took approximately 30 CPU
seconds on the MIT CRAY X-MP.
INPUT CONDITIONS FOR MODELING
Input conditions for testing, taken from the $=2.2 flame,
are: premixed benzene/oxygen/10% argon; combustion chamber
pressure=40 Torr (5.34 kPa); 0=2.2; inlet gas velocity (298 K,
40 Torr)=25 cm/s (McKinnon, 1989). Mole fraction profiles for
C60 and C70 (Howard et al., 1992a; Mitra et al., 1992) and major
stable flame species (McKinnon, 1989) in this flame have been
previously reported; peak fullerene mole fractions are
approximately 4*106 for C6. and 6*106 for C70. (See Figure 2.7
for the experimental C60 and C70 profiles.)
Species whose concentrations are needed as inputs are H,
H2, C2H2 , and the initial fullerene precursor (chosen to be
FLTHN). Base case values for temperature (2050 K), and the
mole fractions of H2 (0.12) , and C2H2 (0.06) are representative
of flame values in the region of interest. Figure 7.1 shows
the experimental profiles for temperature and for H2 and C2H2
-147-
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mole fractions. The base case H-atom mole fraction is 0.25 --
5 times the global equilibrium value obtained via the CHEMKIN-
II compatible version of STANJAN (Reynolds, 1986) for the
flame conditions ($, pressure) at 2050 K. This value of the
ratio is representative of those obtained from comparing
global equilibrium predictions with measured H atom
concentrations for a near-sooting ($=1.8) benzene flame (see
Chapter 5). The modeling pressure is 40 Torr -- the flame
pressure. Since the results of this simulation give
fractional conversion of fullerene precursor with time, the
input mole fraction of precursor is only important to the
extent to which increased precursor concentration increases
the amount of intermediates which can dimerize in the
coagulation pathway. To get an approximate upper limit on the
importance of the coagulation pathway, a high value (1*10-5)
for the base case FLTHN mole fraction was chosen. The effect
of species other than those listed in Table 3.2 on the
mechanism is not included, so the bath gas (everything except
the aforementioned species inputs) was taken to be all argon.
This set of input conditions is the base case for the modeling
results. Sensitivity of the mechanism to the input
concentrations, temperature, pressure, and the rate
coefficients for each reaction type (q.v. Chapter 3) will be
determined.
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Predicted mole fractions of C66 and C70 as a function of
time are shown in Fig. 7.2. As can be expected from the
neglect of competing pathways and destruction via oxidation,
complete conversion to C60+C70 is obtained. Virtually all of
the fullerenes are formed via the direct pathway (Fig. 3.2);
less than 3*10-7 of the C60+C70 comes from the coagulation
pathway (Fig. 3.3). The final C70/C60 ratio predicted is 1.5,
comparable to the average of observed values for these
conditions. C70/C60 ratios for the <=2.2 flame are shown in
Fig. 7.3. Predicted mole fractions of all of the species in
the mechanism are shown in Appendix E for selected time
intervals.
The predicted time required for fullerene formation is of
the correct order of magnitude of that seen in the flame (-5
ms). The results for the entire 124-reaction mechanism can be
shown to be approximately consistent with a global first-order
reaction preceded by an induction time; plotting ln (1/ (1-x)),
where x=fractional yield of C60 and/or C70 from fullerene
precursor, gives a straight line for a reaction which is
first-order in fullerene precursor, with the slope being equal
to the overall rate coefficient k* and the time axis-intercept
being the induction time r (Fig. 7.4). Except for low
conversions (< -20%), the results fit the form
Xf = [Xfl *1-ekf f
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C) 0
where f is either C60 , C70, or (C 60+C70 ) . For f = (C 6 0 +C 7 0 ) , these
parameters are [xf]t=, = 1, k,*~360 s4, Tf* 2 .3 ms; for f = C60 ,
[xf]t=, = 0.39, k,*~360 s-, Tf*1. 9 ms; for f = C70, [xf]t=, = 0.61,
k,*360 s-1, T,*~2.5 ms.
The value of kf* remains virtually the same regardless of
f. The induction time T,* changes appreciably, being larger
for C70 than for C60 . The cage-closing sequences for C60 and C70
are chemically and kinetically quite similar. The main
differences in the formation pathways for C60 and C70 are in the
apparent thermodynamic barriers for the two cage closings as
discussed in Chapter 4 (which will be explored in the next
chapter, and found to be inconsequential) , and that C70
formation requires an additional five rings formed (from FB to
XB) before the cage-closing sequence. (This discussion is
based on the direct formation pathways, the coagulation
pathway having been shown to be unimportant.) The results are
consistent with the somewhat intuitive interpretation of kf*
reflecting processes occurring near the end of the fullerene
formation pathway, such as the cage-closing sequence, while Tf*
is a reflection of the portion of the mechanism preceding the
cage-closing sequence. The similar values for kf* for f = C60
and C70 reflects the similarities of the cage-closing
sequences. The longer growth sequence leading to C7. formation
is reflected by rc7o' > Tc60*-
The apparent first-order behavior greatly simplifies
comparison of predictions between runs, reducing the results
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of the mechanism to three parameters, k*, r*, and the final
C7 0/C60 ratio. For convenience, the final C70/C6J ratio will be
called R,. (For the rest of the chapter, f = (C60+C70 ) unless
explicitly stated otherwise. The subscripts on k* and r' will
be dropped.)
SENSITIVITY TO INPUT CONCENTRATIONS
One of the simplifications made in the modeling is that
only inlet concentrations of H, H2, C2H2, and FLTHN are
specified, and not their concentration profiles. The values
described above as inputs are representative averages of the
flame ,data, but to check the reliability of the results, these
inputs were varied so as to determine first-order sensitivity
coefficients for k* and r* for overall CW+C 70 formation with
respect to [H], [H 2], and [C2H2 ]-
The computed sensitivity coefficients are shown in Table
7.1. These results indicate that fullerene formation is
accelerated dramatically by increased C2H2 and decreased H2
concentrations, and to a lesser extent by increased H-atom
concentrations. This behavior reflects the role these species
play in the mechanism, C2H2 appearing only as a reactant in
reaction type 23, and H2 appearing only as a product of
reaction type 1. H-atom is a reactant in reaction type 1, and
a product in types 23, 4-B, 4-D, 5-3, and 5-3(rot), so its
effect on the overall mechanism is mixed, but generally
promoting fullerene formation. Since the concentrations of
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the fullerene precursors are much less than those of H, H2,
and C2H2 , the fullerene formation chemistry perturbs these
supporting species's concentrations by no more than -1%,
leaving the mole fractions of H, H2 , and C2H2 effectively
constant. All of the reactions in the mechanism (except type
4, the reactive coagulation steps, which have been shown to be
negligible) therefore become pseudo-first-order in both
directions. This result is suspected to account for the
global first-order behavior of the entire mechanism, and may
be of interest in the determination of rate-limiting steps in
the fullerene formation mechanism. These topics are
considered in Chapter 8.
SENSITIVITY TO RATE COEFFICIENTS
Published values of the rate coefficients for the PAH
reaction types used in constructing the mechanism vary widely,
by as much as 3 orders of magnitude. An overall measure of
the variation was found by predictions using collective sets
of all the fastest published rates and all the slowest rates.
The results in both cases were fit to the global first-order
form. Values for T* ranged from: 0.42 ms (fastest) to 34 ms
(slowest), and for k' from 2400 s1 (fastest) to 19 s-1
(slowest). The values quoted above for what was considered
the best values of rate coefficients were k*~360 s-, r7*2.3 ms,
in the middle of the extremes. Obviously, more confident
values for the rate coefficients would be desirable.
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Nevertheless, since the experimental-time is midway within the
predicted range, the mechanism as presented has not been
disproved and appears to be kinetically plausible. Values of
R0 varied from 1.11 (for the fastest formation rate) to 63.5
(for the slowest formation rate). The results for R, are
consistent with the general observations of Howard et al.
(1992a), in which it is noted that under conditions in which
fullerene formation is relatively slow, R, is higher than the
typical values of -1.5-2.0.
Exploration of the specific effects of each rate
coefficient used on fullerene formation predictions was done
for the four reaction types found to be important: 1; 23; 5-
3, including 5-3(rot); and 6. Each rate coefficient was
varied separately, keeping all the other rate coefficients the
same as the base case. The results are presented in Table
7.2. Reaction types 1 and 23 both appear to be almost equally
rate-limiting. There are forty type 1 reactions and thirty-
one type 23 reactions in the direct formation portion of the
mechanism, as compared to ten of type 53 and two of type 6, so
the results reflect the importance of type 1 and type 23
reactions, especially since most of the growth sequence is
composed exclusively of these reaction types. Reaction type
53 is nowhere near rate-limiting, which is encouraging since
the rate coefficient of 1013 is probably artificially high.
The predictions also appear not to be strongly sensitive
to the rearrangement rate coefficient. The value of the rate
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coefficient derived from the data of- Scott and Roelofs (1987)
in Chapter 3 is roughly 82 times smaller than the Troe high-
pressure limit rate coefficient at 2050 K. The only
noticeable effect is on R',. The insensitivity of k* and r* to
the rearrangement rate is encouraging since later in the work
it was found that the azulene T naphthalene rearrangement is
in the falloff region at 40 Torr and 2050 K. A QRRK falloff
calculation based on the vibrational frequencies of azulene
(Chao and Khanna, 1977), showed that k/k,, 0.011 at the base
case temperature and pressure. (Coincidentally, the falloff
k for the Troe rate is very close to that derived from the
Scott data.) The kinetic plausibility of the mechanism is not
strongly dependent upon the type 6 rate coefficient. With the
exception of varying the type 23 rate, R, shows the general
trend of increasing with decreasing rate of fullerene
formation. The branching portion of the mechanism is explored
in detail in Chapter 8.
EFFECTS OF TEMPERATURE AND PRESSURE
An additional test of the mechanism's validity is its
ability to predict observed trends in C60 and C70 formation with
respect to temperature and pressure. Fullerene formation in
flames has been observed to increase monotonically (Howard et
al.,, 1991; Howard et al., 1992a), or to exhibit a maximum
(Baum et al., 1992) with increasing temperature; while the
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trend with increasing pressure is mixed, sub-atmospheric
pressures favor fullerene formation (Howard et al., 1991;
Howard et al., 1992a). The mechanism's predictive
capabilities will be discussed first in terms of overall
features of the mechanism which could be expected to
contribute to temperature and pressure dependence, followed by
a the results of model predictions.
H-abstraction reactions (type 1) can be expected to be
accelerated by increasing temperature, largely through the
strong temperature dependence of the concentrations of
abstracting radicals, especially H atom. Pyrolysis of C-H
bonds, which also leads to radical sites for hydrocarbon
addition, would also accelerate with increased temperature,
due to the high activation energy of the process.
Thermodynamic equilibrium also favors pyrolysis, even to the
point of allowing multiple a-radical sites on a given PAH
(Howard, 1990). (All molecular-weight growth processes would
be favored by increased aryl radical formation, not just
fullerene precursor formation.) Global equilibrium, however,
only favors PAH and fullerenes up to a certain temperature
(-2000-2600 K, depending on conditions) , beyond which C2H2 and
polyacetylenes are favored (see McKinnon, 1991, and Chapter
5). Viewing the fullerene formation mechanism in terms of AG
for different reaction types, H-abstraction (type 1) and H-
elimination/ring closing (type 5-3, 5-3(rot)) become more
favored (AG decreases) with increasing T, but all other
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reaction types -- C2H2-addition/ring closing (type 23),
reactive coagulation (all subtypes of type 4), and
intramolecular rearrangement (type 6) -- become less favored
(AG increases) with increasing T (see Chapter 8).
Cyclization processes which form strained ring structures
(types 3, 5) are expected to have a higher activation energy
than those for flat 6-ring or 5-ring formation, and as such
contribute to the temperature dependence. Intermolecular
rearrangements have high activation energies, and would also
be favored by increasing temperature. The above arguments are
relevant to both the direct and coagulation formation
pathways. While the C5, reactive coagulation pathways as
presented do not require ring-shifting rearrangements, by
extending the range of aromatic species which can be
considered to contribute to fullerene formation via reactive
coagulation, intermediates can be envisioned which would
require such rearrangements.
The main feature of fullerene formation chemistry which
could lead to pressure dependence is the need for removal of
hydrogen, leading to a net increase in the number of moles.
While H-abstraction (type 1) , C2H2-addition/ring-closing (type
23), and rearrangement (type 6) reactions have no net mole
change, the dehydrogenation/ring-closing (type 5) reactions
lead to a net increase in the number of moles. This can be
contrasted with flat PAH formation as follows: While many
PAH6 ring-formation sequences (e.g. 4-phenanthrenyl + C2H2 ;:
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pyrene + H) are comparable to those-of the present fullerene
formation mechanism (or perhaps the converse is more
accurate), PAH6 growth includes ring formations requiring two
C2H2 additions (e.g. phenyl + 2 C2H2 : naphthalene + H; 1-
coronenyl + 2 C2H2 r benzo[a]coronene + H) which lead to a net
decrease in the number of moles, and which would therefore be
favored by higher pressures. Although reactive coagulations
of two aryl radicals (types 4-A, 4-C) also decrease the number
of moles, the relation of coagulation reactions to the
pressure dependence of fullerene formation is complex, and is
discussed at length below. Pressure-dependent rate processes,
involving chemical activation might be faster at lower
pressures. Unimolecular processes (types 5-3, 5-3(rot), 6)
might show falloff behavior, but this is expected to be less
important as the size of the molecule increases.
Predictions were made for the base case species
concentrations, varying only temperature between 1800 K and
2200 K. In terms of the global first-order formation rate and
induction time, though r* decreases monotonically from 1800 K
to 2200 K by roughly one-third, this is more than offset by a
nine-fold monotonic decrease in k* over the same temperature
range, the net effect being a decreasing rate of fullerene
formation with increasing temperature (Fig. 7.5).
The limitations of the current method for simulating the
flame are apparent here. One way to compensate for not
simulating the entire flame chemistry is to obtain trends for
-161-
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the input species (H, H2, and C2H2 ) concentrations from global
equilibrium calculations. Reviewing the results from Chapter
5, the predicted equilibrium H-atom mole fraction follows a
van't Hoff relation (with the mole fraction increasing with
increasing T), H2 changes very little with temperature, and
C2H2 is orders of magnitude above equilibrium values, making
predicted equilibrium trends irrelevant, so only H-atom can be
compensated for in this way. Predictions using the modified
H-atom mole fractions show a more complex T-dependence. 7*
decreases monotonically by a factor of 14 between 1800 and
2200 K. Fitted values of k* range over less than a factor of
2, showing a maximum near 2000 K. The overall prediction
indicates a maximum in fullerene formation rate with
temperature (Fig. 7.6).
Recent work of Homann (Baum et al., 1992) shows maxima in
peak fullerene ion concentrations with temperature, although
the maxima occur at a higher temperature (-2200 K). The
predicted maximum in fullerene formation rate might reflect
physical reality: comparison with the data of reference 36,
which reflects a monotonic increase in fullerene formation
with increasing temperature, is limited by not knowing the
actual temperatures of the flames studied; the data may have
been taken in a temperature range below any maximum in
fullerene formation rate, so the data of references 36 and 46
might not be inconsistent. In short, temperature trends
predicted by the mechanism are not demonstrably inconsistent
-163-
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with data.
Tests of the mechanism's predictive capacity for trends
with respect to pressure were done in a similar way. All
other input parameters were fixed at the base case, with
pressure being varied from 0.01-1.0 atmosphere. The pressure
range was chosen to more than cover the range of pressures of
known fullerene-producing flames. The predicted rate of
fullerene formation was found to increase linearly with
pressure, i.e., k* o: p and -r* o p1 , which can be explained in
terms of the types of reactions found in the mechanism.
Reactions of type 1 (and 5-1) have their forward rates
proportional to [H] and their reverse rate proportional to
[H2]; similarly, the forward and reverse rates for type 23
reactions are proportional to [C2H2 ] and [H], respectively.
Since the mole fractions of H, H2 and C2H2 are effectively
constant during the simulations, the concentrations of these
species are proportional to pressure. Therefore, the forward
and reverse rates of most of the reactions in the mechanism
increase linearly with pressure. Accordingly, type 5-3
reactions are not rate-limiting since their reverse rates
would increase linearly with pressure while their forward
rates remain constant (cf. Table 7.2). Type 6 rates are not
directly affected by pressure, and are also not rate limiting.
Type 4 reactions (reactive coagulation) remain unimportant,
the fraction of fullerenes formed by this route increasing by
only 61% over the 100-fold increase in pressure. Since the
-165-
mechanism as tested proceeds in a forward direction from the
initial fullerene precursor to C60 and C70, the predicted rate
of fullerene formation increases linearly with increasing
pressure due to the concentration effect on the pseudo-first-
order rates.
The effect of pressure on the input mole fractions of H,
H2 and C2H2 was next considered, via global equilibrium.
Again, the equilibrium mole fraction of H2 is largely
insensitive to pressure, that of C2H2 is orders of magnitude
below the experimentally based input value, and that of H-atom
is proportional to p112. Use of this pressure-dependence for
the H-atom mole fraction still gives a predicted monotonic
increase, but to a lesser extent (k* oc p.6, 0. * p-0-6), in rate
of formation with increasing pressure. This prediction still
qualitatively disagrees with known trends, but additional
effects of pressure on flame chemistry must be considered.
Two limitations of this study with respect to prediction
of pressure effects are not accounting for the pressure
dependence of the C2H2 mole fraction, which is unknown, and not
including molecular weight growth pathways leading to flat PAH
and soot formation. The same arguments used to explain the
predictions for fullerene formation also indicate that flat
PAH formation would be enhanced by increasing pressure.
However, as explained above, the pressure dependence is
expected to be stronger for the flat PAH. The extent of soot
formation in fullerene forming flames is known to increase
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strongly with increasing pressure L(Howard et al., 1992b) ,
probably reflecting the p2 dependence of the formation of new
particles, and hence new substrate for mass deposition, by
reactive coagulation of large PAH. Therefore, as pressure is
increased, the competition between fullerene formation and
flat PAH and soot formation would be assumed to shift strongly
towards soot formation, consistent with observations that
fullerenes formation decreases as pressure is increased toward
atmospheric.
CONCLUSIONS
The detailed chemical mechanism presented here predicts
formation times for fullerenes C60 and C70 which agree with
experimentally observed times to within the range of
uncertainty associated with the reaction rate coefficients.
Therefore, the mechanism is kinetically plausible.
Predictions of known trends with respect to temperature and
pressure are encouraging though limited by the inability of
the simplified modeling approach to account for the chemistry
of the entire flame. Prediction of the C70/C 60 ratio agrees
very well with the data. The mechanism is based on known PAH
reaction types, and does not depend on the presence of soot
for fullerene formation. The predictions for the entire
mechanism can be described as global first-order kinetics with
respect to fullerene precursor concentration and an induction
-167-
time.
In the next chapter, features of the mechanism will be
examined in detail to gain insight into possible rate-limiting
steps in the mechanism. The selectivity of the mechanism, as
reflected by R,, will also be studied at length. Also, though
better than order-of-magnitude kinetic plausibility has been
established, and trends with respect to temperature and
pressure have been explored, further comparison with flame
data is possible. After studying the mechanism in detail in
the next chapter, Chapter 9 will return to the problem of
using the mechanism to predict C60 and C70 mole fraction
profiles in the $=2.2 flame.
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Table 7.1. First-order sensitivity Coefficients for C60 and C70
formation parameters k* and T* with respect to input
concentrations for H, H2, and C2H2.
d(ln k*)
d(ln[species])
d(ln r*)
d(ln[species])
+0.67
-2.79
+3 .48
-0.62
+0.51
-0.85
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species
H
H 2
C2 H2
Table 7.2. Effect of rate coefficients on
for fullerene modeling.
global parameters
-170-
reaction type adjustment k*(1/s) t *(ms) RO
[base case] [none] 363 2.26 1.55
1 lOx larger 905 1.18 1.05
1 lox smaller 51.4 13.1 6.36
23 lOx larger 513 1.31 6.38
23 lox smaller 90.8 11.9 1.05
53 lOx larger 363 2.26 1.55
53 107 smaller 363 2.33 1.61
53 108 smaller 361 2.90 2.29
6 lOx larger 364 2.27 1.55
6 82x smaller 362 2.32 1.67
Scott rate
Chapter 8 -- The Search for a Rate-Limiting Step
INTRODUCTION
In the preceding chapter, kinetic plausibility of the
mechanism was established. The behavior of each reaction in
the mechanism is studied in terms of forward and reverse rates
to determine rate-limiting steps in the mechanism, and to gain
insight into the branching between the two fullerenes C60 and
C70. The study will center on the base case values for the
inputs for the $=2.2 flame studied in the preceding chapter
and the rate coefficients presented in Chapter 3.
The first step is to see how much of an effect the
reverse rates (and by inference, the thermodynamic barriers)
have on the predictions. Figure 8.1 compares fractional
conversion to C60 and C70 for the results of Chapter 7
("reversible reactions") to the results for the same inputs
and rate coefficients but taking all reactions as
irreversible. Besides the obvious result that the
irreversible case is faster, it is not orders of magnitude
faster -- only -4 times faster at 50% conversion.
Nevertheless, the importance of the reverse reactions is
apparent. (One feature not so obvious from the linear plot is
that the results for the irreversible case do not fit the
global 10 form.)
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The results obtained in this chapter will therefore be
heavily dependent upon the thermodynamic properties estimated
in Chapter 4. A rough assessment of the sensitivity of the
overall predictions to the type of group additivity method
employed will be given at the end of the chapter.
PSEUDO FIRST-ORDER REACTIONS
As mentioned in Chapter 7, the mole fractions of H, H2,
and C2H2 remain effectively constant during the entire
simulation. The modeling output (Appendix 7.1) shows that,
within the four significant figures shown, the H-atom mole
fraction remains exactly constant. The H2 mole fraction
increases by 0.25% (final mole fraction = 0.1203), and the C2H2
mole fraction decreases by -0.42% (final mole fraction =
0.05975). These results can be confirmed by considering the
overall reactions for the direct fullerene formation pathway
for C60 and C70 :
C16 H1 0 + 22 C2 H2 v C6 0 + 27 H2
C1 6H1 0 + 27 C2 H2 R C7 0 + 3 2 H2
The initial FLTHN mole fraction is 10-, which converts
completely, yielding final fullerene mole fractions of
3.927*10-6 C6o and 6.073*10-6 C70 . The amount of C2H2 consumed is
then 10-5*(0.3927*22+0.6073*27) = 2.504*104. Similarly, the
amount of H2 produced is 10-*(0.3927*27+0.6073*32) = 3.004*104.
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Nw
For the remainder of the chapter, the mole fractions of H, H2,
and C2H2 will be assumed to be constant and equal to the input
values for the base case.
1 To confirm that there is a thermodynamic driving force
for C60 and C70 formation given the reaction conditions,
considering the above overall equations to be in equilibrium
gives:
[C 6 0]
[FL THN]
[C70]
[FL THN]
AG
e J [C 2 H2 ] 2 2
= *I = 3.5*108
(RT) 5 [H2 ] 27
AG
e~2 [C2H232
e * = 6.4*1051
(RT)-. [H2 ]3 2 J
The (RT) 5 term comes from net mole increase for each overall
reaction. Using the base case values for mole fractions of H2
and C2H2 , temperature, and pressure, calculated values are
shown above.
Due to the nearly constant concentrations. of H, H2 , and
C2H2 , all of the reactions in the direct formation pathway for
C6o and C70 can then be considered to be pseudo 10 in both
directions. [All subclasses of type 4 reactions remain 2' in
the forward direction. (Reaction types are defined in Chapter
3.) Since they do not contribute significantly to the
predicted formation of C6o and C70 , reactions of type 4 will not
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be considered further. Also, the distinction between reaction
types 5-3 and 5-3(rot) will be ignored, as will that between
types 1 and 5-1, except when otherwise mentioned.] The
forward and reverse reaction rates for types 1, 23, 5-3, and
6 are modified as follows:
type 1:
forward rate = k, = k,[H]
reverse rate = k = kr[H2]
type 23:
forward rate = kf' = kf[C 2H2]
reverse rate = kr' = kr[H]
type 5-3:
forward rate = k, = kf
reverse rate = kr = kr[H]
type 6:
forward rate = k, = kf
reverse rate = kr = kr
(The forward reaction for type 5-3, and both the forward and
reverse reactions for type 6 were already 1', being
unimolecular processes.)
General features of the role of H, H2, and C2H2 become
apparent, explaining the variation in the first-order
sensitivity coefficients for k* and r* (Table 7.1). C2H2 only
appears in the forward direction in type 23, so increasing its
concentration strongly increases the rate of fullerene
formation. Similarly, H2 only appears as a product in
reaction type 1; increased H2 concentrations strongly inhibit
fullerene formation. H-atom appears in the forward direction
in type 1, and in the reverse direction in type 5-3, so its
effect on the reactions is mixed, but the overall effect of
-175-
increasing H-atom concentration -is clearly to promote
fullerene formation, but to a lesser extent than increasing
C2H2 concentration does.
In the direct formation pathway for C60, the reaction
sequence includes 27 reactions of type 1, 22 of type 23, 5 of
type 5-3, and 1 of type 6. For direct C70 formation, there are
5 additional reactions each of type 1 and type 23. For direct
formation of both C60 and C70, H-atom appears just as many times
as a reactant as it does as a product. (H-atom does not
appear in the overall reactions for direct formation of C60 and
C70.) There needs to be another explanation for the effect of
H-atom concentrations on predicted fullerene formation rates.
REVERSIBILITY OF REACTIONS
Calculating reverse rate coefficients requires
calculation AG for each reaction at the temperatures of
interest. Appendix F is an edited output from a
thermodynamics software package THERM (Ritter and Bozzelli,
1991), showing, among other things, AG for each reaction in
the fullerene formation mechanism at 298, 1800, 2050, and 2200
K. Examination of AG(2050 K) for all reactions (remember that
2050 K is the base case temperature) shows that AG > 0 for
only 11 of the 124 reactions in the mechanism. These
reactions include reactions of type 4-B and 4-D (reactive
coagulation of a radical and a neutral), both type 6 reactions
(rearrangement), and six of type 23 (reactions #4, 8, 10, 12,
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14, and 24 -- see Table 3.1 for numbering). The products of
these type 23 reactions are COR, COR2, COR3, COR4, HB, and TB,
respectively. This supports the earlier notion (see Chapter
4), that the portion of the mechanism between FLTHN and HB
might be rate-limiting.
The trends in AG with temperature are the same as those
outlined in the preceding chapter. Reactions of type 1 and 5-
3 become more favored (AG decreases) with increasing
temperature, while reactions of types 23, 4 (all subtypes),
and 6 become less favored (AG increases) . The trends for each
reaction type are obeyed by all reactions of that type. The
trends for each reaction type are due to signs of AH and AS,
which are the same for all reactions within a given type
(Table 8.1). At the high (-1800-2300) temperatures at which
fullerene formation occurs, entropy has a strong effect on the
predicted results.
Next is the consideration of the pseudo first-order rate
coefficients. For reaction types 1 and 23, Ke = K, = kf/k,.
The general reaction for types 1 and 23 can be expressed as:
Fn+A * F+B
where the F signifies a fullerene precursor. Since the pseudo
10 rate coefficients (k/ and k,') are related to the bimolecular
rate coefficients (kf and k,) by kf' = kf[A] and kr' = kr[B], the
value of AG for which k = kr' is equal to AG' = RTln([A]/[B]).
For type 1 reactions, in which A is H-atom and B is H2, AG' =
-177-
-6.39 kcal/mol. In type 23 reactions, A is C2H2 and B is H-
atom; AG' = 3.57 kcal/mol. For type 53 reactions:
Fn nF,1 +H
so AG' = -RTln(pH), where PH is the partial pressure of H-atom;
AG' = 27.02 kcal/mol.
A wholly different picture of possible rate-limiting
steps (as indicated by AG > AG') in the mechanism emerges.
Most of the type 1 reactions have AG appreciably greater than
AG'. Exceptions are formation of radicals: (1) which were
estimated to have properties based on the VINS bond
dissociation energy group (q.v. Chapter 4), for which AG -
-6.7 kcal/mol; or (2) from the C5, species, for which entropy
effects become important due to the loss of symmetry by
radical formation. The only type 23 reaction for which AG >
AG' (= 3.57 kcal/mol) is reaction 14, formation of HB. The
type 53 reactions are even farther removed from being rate-
limiting, and the previous assessment of reactions of type 6
still holds.
The new candidates for rate limiting steps now are most
of the H-abstractions, reaction 14 (COR4- + C2H2 ~i HB + H) , and
the rearrangement steps. The earlier picture (Chapter 4) that
both the portion of the mechanism between FLTHN and HB, and
the cage-closing sequence might be rate-limiting has slightly
changed by considering both enthalpy and entropy. The cage-
closing steps, with the exception of the rearrangements, are
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seen not to be rate-limiting. Thi's will now be shown in
detail, with the calculation of the actual values of the
pseudo 1 rate coefficients.
Figure 8.2 shows the values of kf' and k, for the portion
of the mechanism between FLTHN and FB, reactions 1-34. The
forward 10 rates for reaction types 1 and 23 are comparable
(3.86*104 s-' and 6.27*104 s-', respectively). The reverse 10
rates vary considerably, with the largest reverse rates being
those of reactions 14 and 3, although, as mentioned
previously, most of the other H-abstractions have strong
reverse rates. Figure 8.3 is a semilog plot of k' and kr' for
the rest of the C6 direct formation pathway, from FB to C60A,
reactions 35-55. After noticing the 1013 S-1 forward rate
coefficients for the type 53 reactions, the apparent rate
limiting steps again appear to be more of the H-abstractions,
as well as the rearrangement step (reaction 39). [As shown in
Chapter 7, the forward rate coefficient for type 5-3 can be
decreased by several orders of magnitude without affecting the
predictions for C6o and C70 formation (Table 7.2). The point at
which type 5-3 reactions would slow fullerene formation is
when their rate coefficient becomes comparable to the 10 rate
coefficients for the type 1 and type 23 reactions.]
For the rearrangement reactions (type 6 -- reactions 39
and 87) at 2050 K, the reverse rate is 8.0 times faster than
the forward rate. However, the forward rate (1.69*106 s-1) is
43.8 times faster than the forward rate for type 1, and 26.9
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times faster then the forward rate for type 23, so there is
the question of just how the rearrangement reactions can be
rate-limiting. That the forward and reverse type 6 rates are
so much faster than most of the reactions in the mechanism
suggests that the species in the rearrangement reactions might
be in partial equilibrium -- the predicted mole fractions for
FB2Q and FB2QR and for XB2Q and XB2QR confirm this (see
Appendix E for predicted mole fractions of all species in the
mechanism).
Figure 8.4 plots logIO(k') and loglo(k,') for the portion of
the direct formation pathway for C70 between FB1- and C70A.
The same general features of the C6 direct formation pathway
are also found in the direct formation of C70. One feature
worth noting is the irreversibility of the type 5-3 reactions,
especially the final fullerene-forming reactions 55 (forming
C60, Fig. 8.3) and 103 (forming C7, Fig. 8.4), for which kf'/k'
is 4.9*105 and 2.9*106, respectively. Whatever mechanisms may
exist for fullerene destruction in flames, attack by H-atom is
probably not among them.
The numerical values for the k'/kr' ratios qualitatively
discussed earlier support the present assessment of likely
rate-limiting steps. Figure 8.5 plots loglo(k'/k ) for
reactions 1-34 (FLTHN to FB). As mentioned previously, most
of the type 1 reactions have 1' reverse reactions faster than
their 10 forward reactions. The rate-limiting nature of the
FLTHN to HB growth sequence can be seen more clearly, because
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Figure 8.6. Loglo(k//k ) for reactions 35-55 (FB to C60A) .
the five type 23 reactions forming COR, COR1, COR2, COR3, and
COR4 (reactions 4, 6, 8, 10, and 12, respectively) have kI/k,'
values ranging from 1.9 to 3.3, showing that there is a strong
reverse reaction for these species' formation. Growth beyond
HB appears to be a downhill process,.slowing slightly at the
formation of TB, but relatively unimpeded compared to the
-185-
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sequence leading up to HB.
Figure 8.6 plots loglo(k,/k,') for reactions 35-55 (FB to
C60A). Again, the type 1 reactions slow progress down
somewhat, with loglo(k/kr') generally < 0. The rearrangement
(reaction 39), with kf'/kr' - 1/8, provides a bottleneck through
which the growing fullerene precursors must squeeze. However,
the cage-closing process as a whole is far from rate-limiting.
Except for reaction 38, for which k/kr' - 23, the ring-forming
reactions (types 23 and 5-3) have kf'/kr' > 300. All the ring-
forming reactions in the cage-closing sequence for C60
formation are de facto irreversible steps. This disproves the
earlier speculation in Chapter 4 based on consideration of AH,
for the fullerene precursors, which suggested that the cage-
closing sequence might be rate-limiting. Figure 8.7 plots
logio(k7/kr') for reactions 76-103 (FB1- to C70A). Again, the
features of the cage-closing sequence for direct C7 formation
are seen to be quite similar to those for direct C60 formation.
This again brings up the question of just how a given
fullerene precursor chooses (so to speak) to form one
fullerene over another. The branching portion of the
fullerene formation mechanism will be studied in detail in the
next section.
The search for a rate-limiting step for fullerene
formation has led to the finding that there is not just one,
but several such steps in the fullerene formation mechanism.
Most of the H-abstractions (type 1), especially those from PHS
-186-
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and PHT radical sites (secondary and tertiary phenyl,
respectively) . However, such H-abstraction processes occur in
PAH6 formation. H-abstraction is more favored when the parent
species has a higher degree of symmetry than its sigma
radical, such as for the C5, species. Again, similar results
would be found for H-abstraction from the D6h and D2h one-isomer
PAH6 (cf. Chapter 5). The type 23 ring-forming steps leading
to formation of COR to HB, as well as TB, are very much uphill
processes, confirming the tentative conclusions reached in
Chapter 4. The single most rate-limiting ring formation is
that leading to HB. The arguments for symmetry with respect
to radical formation apply in reverse for the C5, species
formation -- forming a molecule of higher symmetry, and
therefore of lower entropy, is harder to do. (One important
caveat: This observation seems to run counter to observations
of PAH6 of high symmetry being quite prevalent, and might very
well be an artifact of the group additivity method. Other
factors, possibly resonance stabilization, might in reality
offset the effect of symmetry.) Near the end of the direct
fullerene formation pathways, the type 6 reactions
(rearrangements) provide a thermodynamic bottleneck through
which the growing precursors must pass. Except for the
rearrangement steps, the direct formation of C6. and C70 is a
downhill process beyond HB formation.
Given that H-abstraction in general influences the
fullerene formation rates, another perspective on the
-188-
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thermodynamics of rate-limiting processes in the mechanism can
be obtained by considering overall growth reactions between
stable species. The direct formation pathway can then be
considered to be composed of reactions of type 123, 5, and 6.
The overall reaction for type 123 becomes
FncH2 * Fn+H2Fn-I-C2H2 F+ 1 +12
, while that for type 5 becomes
Fn #Fn+H2
(Again, type 6 reactions remain as they are.)
Figure 8.8 plots logio(k/k,') for the combined reactions
between FLTHN and FB. The number logio(k/k,') is actually an
equilibrium ratio between two stable fullerene precursors, not
being related to the rate coefficients for the reaction types.
The uphill climb to HB is again seen in the number of combined
reactions for which loglo(kf'/kr') < 0, indicating that formation
of the next ring is disfavored thermodynamically. Figure 8.9
plots logo(k/'/kr') for the combined reactions between FB and
C60A; Figure 8.10 is a similar plot between FB and C70A. The
cage-closing sequences for both C60 and C70 are still shown to
be very much downhill processes, except for the rearrangement
steps. The essential similarity between the cage-closing
sequences for C60 and C70 returns the discussion to the question
of just how the branching of products between C6o and C70 does
-190-
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-He -H
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FB1 . H FB1 -
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Figure 8.11. Reactions near the branching portion of the
direct fullerene formation pathway of the mechanism.
occur.
FB2Q 1.7- FB2QR , FB2R- (23 FB2QRD ------- C60
8.3E4 1-4E7 1.5E5 (23E9)
FB1 3.E FB1 -
9.0E4 8.3E4
8.7E1 3.0E4 8.3E4
FB2 -. FB2- a- FB3------ C7o8.9E4 (8.7E1)
Figure 8.12. Reactions near the branching portion of the
direct fullerene formation pathway of the mechanism, with
forward and reverse 10 rate coefficients.
DETAILS OF C-,0fC6o RATIO
Reactions near the branching in the direct formation
pathway for C60 and C7 in the mechanism are shown in Fig. 8.11.
The reaction numbers are shown in brackets. The reaction
forming FB1 is sufficiently irreversible (k'/k = 687) that
the reactions preceding FB1 formation are not considered in
the present discussion.
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Detailed consideration of 10 forward and reverse rates is
important to understanding the behavior of the C70 /C 6 0 ratio
(R,). Figure 8.12 shows the same set of reactions, with
forward and reverse reactions labeled with the values for k
and kr. If all reactions, or at least reactions 38 and 76,
were reversible, R. would be predicted to be unity.
Therefore, something is slowing the -direct formation of C60.
Reaction 38 (FB1- + C2H 2 Z FB2Q + H) , with kI/kr' = 24, could be
considered to be irreversible, unless there was sufficient
accumulation of FB2Q to promote the reverse reaction. As
mentioned above, reaction 39 (type 6) is in partial
equilibrium with kf'/kr' [FB2QR]/[FB2Q] = 0.125, resulting in
such an accumulation of FB2Q. Growth toward C60 is further
limited by reaction 40, H-abstraction from FB2QR. The
subsequent reaction (41) forming FB2QRD is fast enough and
irreversible enough to pull FB2QR- towards C60 formation.
Right at the branching of the direct pathways for C60 and
C70 formation, there are two consecutive rate-limiting steps
for the C6o pathway. FB2 formation (reaction 76 -- kf/kr' =
721) is much less likely to have a strong reverse reaction
than reaction 38. Even if there is a slight accumulation of
FB2 while it waits to form FB2- (reaction 77), there is
nowhere near the hindrance for direct C70 formation as there is
for direct C6 formation from the pair of rate-limiting
reactions (reactions 39 and 40).
The effect of varying the rate coefficients for the
-194-
reaction types (q.v. Table 7.2) uporrR, can now be explained.
Increasing the forward rate coefficient for type 1 lowers R",
by accelerating reaction 40, pulling material through the
product side of the partially-equilibrated reaction 39;
lowering the type 1 forward rate coefficient allows greater
amounts of FB2QR to accumulate, the material backs up through
FB2Q and FB1- to then continue along the C70 formation pathway.
Increasing the forward type 23 rate coefficient increases the
kf for reactions 38 and 76 equally, but due to the rate
limiting steps (reactions 39 and 40) in the C60 formation
pathway, much more of the material proceeds through the less-
hindered C70 formation pathway. The effects of type 1 and type
23 rate coefficients upon R, appear to be nearly equal, but in
opposite directions. Slowing the type 53 reactions (such as
reaction 41) produces a third rate-limiting step, and yet
another resistance to direct C60 formation, increasing R,.
Decreasing the rate of reaction 39 (type 6) increases the
rate-limiting influence of this reaction, increasing R,.
Varying the mole fractions of H, H2, and C2H2 also affects
R,. Increasing H-atom concentrations increase the forward 10
rate of reaction 40, but also increase the reverse 10 rate of
reaction 38 -- the net effect is a. slight increase in R.
Increasing C2H2 concentration has a similar effect to
increasing the type 23 forward rate, increasing R,.
Increasing the H2 concentration increases the reverse 10 rate
for reactions 40 and 77, but since reactions 41 and 78 are
-195-
sufficiently fast and irreversible, R, is unaffected.
Decreasing the H2 concentration increases R,., the acceleration
of reaction 77 promoting C70 formation.
The above specific case might reflect a more fundamental
competition between cage-closing and further tube-like growth.
Comparison of identities of the ionic fullerenes observed in
acetylene and benzene flames (Baum et al., 1992) shows that
larger fullerenes predominate in the acetylene flame as
compared to the benzene flame. Acetylene flames would have
higher acetylene concentrations than comparable benzene
flames: in the specific case of the fullerene formation
mechanism, the higher acetylene concentrations would result
in a higher C7O/C6o ratio; in real-life, the higher acetylene
concentrations may favor larger fullerenes since they would
grow faster than the cage-closing processes can seal them and
preclude further growth.
CONCLUSIONS
Rate-limiting portions of the fullerene formation
mechanism are: 1) ring growth between FLTHN and HB, with the
formation of HB being the slowest of these steps, 2) the
rearrangement steps in the cage-closing sequences. H-
abstraction limits the entire fullerene formation process;
however, this would also be true for PAH6 growth. The
reversibility of the reactions in the mechanism provide rate-
limiting steps beyond those provided by reactions having the
-196-
slowest forward rate coefficients. Therefore, the details of
the results are dependent upon the specifics of the
thermodynamic property estimations. The behavior of the C70/C60
ratio has been explained on an elementary reaction basis,
rate-limiting steps in the C60 cage-closing sequence promoting
C70 formation. The competition between tube-like ring growth
and cage-closing may be a general feature of fullerene
formation.
-197-
Table 8.1. Global features of AH and AS for reaction types.
reaction
type
1
23
4-A
4-B
4-C
4-D
5-3
5-3(rot)
6
sign of sign of
AH AS
+
+
-+
+
+
+
trend of
AG as Tt
4
It
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Chapter 9 -- Comparison of Predictions with
C60 and C70 Mole Fraction Profiles
INTRODUCTION
Chapter 7 showed the fullerene formation mechanism's
ability to predict formation of Co and C70 in a time-frame
representative of observed formation times in flat flames.
Also, comparisons of predicted trends in fullerene formation
with respect to temperature and pressure were made; agreements
with data were noted, and reasonable explanations for
disagreements with data were presented. However, the results
of Chapter 7 are not directly comparable with the mole
fraction profiles for C60 and C70 in the <p=2.2 benzene flame.
The modeling analysis used constant-valued inputs for
temperature and for the mole fractions of H, H2 , and C2H2 , and
axial diffusion was not included in the calculation, but there
is a more fundamental difference between the flame data and
the modeling predictions.
In a flame environment, fluoranthene and other fullerene
precursors are not starting materials, but are themselves
intermediates in the molecular-weight processes occurring. It
is unclear how to directly compare the modeling results to the
C6o and C70 mole fraction profile data. The rather simple form
for the results of the model predictions, that of C6o and C70
-199-
formation being roughly consistent with a global first-order
reaction preceded by an induction time suggested that the
behavior of the mechanism as a whole could be described in a
closed form. Having analytical forms for the input (FLTHN)
prof ile and the output (C60 and C7o) profiles, the mechanism
could be described as having a transfer function (in
mathematical language, a Green's function). Then, by changing
the form of the input function so that it is representative of
fluoranthene profiles in flames, the resulting outputs would
be more directly comparable to experimental C60 and C70
profiles.
The approach is to obtain an approximate analytical form
for the FLTHN profile in the model prediction. (Just as in
the preceding chapter, the model results for the base case
inputs are used.) A transfer function for the mechanism is
obtained using Laplace transforms. A new FLTHN profile is
constructed by comparison with flame data, and the resulting
C6o and C70 outputs are compared to the mole fraction data
(Mitra et al., 1992) . Sensitivity of the output to the shape
of the input FLTHN profile is explored.
SHAPE OF FLTHN PROFILE -- MODEL RESULTS
From the analysis of Chapter 8, all the reactions in the
mechanism can be described in terms of 10 forward and reverse
rate coefficients. The goal here is to obtain a simple form
for the predicted FLTHN profile vs. time. The reactions most
-200-
k1 k3
FLTHN - FLTHN- . BGHIF
k2 k4
Figure 9.1. Reactions 1 and 2 of the fullerene formation
mechanism considered as 1' in both directions.
directly affecting the FLTHN concentration are reactions 1 and
2. Reactions 1 and 2, with the forward and reverse 10 rate
coefficients labeled as k,, k2 , k3 , and k 4 , are shown in Fig.
9.1. For the base case, the 10 rate coefficients (in s1) are:
k, = 3.86*104; k 2 = 7.26*104; k 3 = 6.28*104; k 4 = 1.84*103. In
the interests of finding a simple, approximate form for the
FLTHN profile, since k 4 is appreciably smaller than the other
three 10 rate coefficients mentioned, it is set to zero.
Solving the resulting set of ordinary differential equations
leads to:
[ FL THN] 
__x- *e-xt + [-I7*eYt
[FLTHN] 0  X~Y]
x = * ( (k 1 +k2 +k3) + I(k +k2+k) 2 -4*k*kI
Y = *1[ ( k 1 +k 2 +k ) - ( k 1 +k 2 +k 3 ) 2 -4*k 1 *k2*
p =k 2 +k 3
The solution to the simple 2-equation model is compared with
the solution to the entire mechanism for FLTHN and FLTHN- in
-201-
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Fig. 9.2. This simple model captures enough of the
mathematics of the behavior of FLTHN to simulate the profile
predicted from solution of the entire mechanism. The absolute
error in the simple model is always < 2% of the initial FLTHN
value. It is worth noting that the reversibility of the
FLTHN- T± BGHIF reaction does have a slight effect.
Nevertheless, the results of the simple model are considered
sufficiently accurate to use in the present analysis, and do
yield a simple closed-form solution.
TRANSFER FUNCTION FOR MECHANISM -- LAPLACE TRANSFORM METHODS
The approximate global 1 expression for C60 and C70
formation is:
f] [f] [* g
[FLTHN]Q [FLTHN] 0  =
where f is either C60, C70, or (C60+C 70 ). With these two
equations for the input into and output from the mechanism, a
transfer function for the entire mechanism can be obtained.
Laplace transforms are used for their property of
converting differential equations into algebraic equations
over semi-infinite domains of the independent variable.
Functions of time are therefore suitable candidates for
Laplace transform. The Laplace transform F(s) of a function
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f(t) is given by:
F(s) = f e-st f (t) dt
where t is a real variable (such as time), and s is the
transform variable, and is complex (Hildebrand, 1976). The
transform of the input function (I) from the simple model for
the FLTHN profile is:
I _ (s+p)
I0 (s+x) (s+y)
where I = mole fraction of FLTHN. The transform of the output
function becomes:
Of= ]Tf e
I0 S (S+rf)I
where Yf is the fraction of FLTHN converted to f at t = o, rf
= kf* (which was found in Chapter 7 to be independent of f),
and the * superscript on T is dropped. The exponential term
indicates an induction time, or dead time in control theory,
of Tf. (From now until the actual calculation of mole fraction
profiles, the subscript f will be dropped.)
The transfer function for the reaction mechanism (R) is
defined by 0 = R*I, or R =0 /I. In terms of transformed
variables, the transfer function becomes
-204-
R = Y*e-s* r (S+X) (S+y) 1
s (s+r) (s+p)
For any input function (I) representing the Laplace transform
of the FLTHN mole fraction profile as a function of time, R*I
gives the transform of the predicted fullerene profile.
Before proceeding with specific examples, the limitations
of the approach will be reviewed. This approach makes no
attempt to account for axial diffusion. The parameters for
the transform function are derived from model calculations
using the base case rate coefficients and reaction conditions
-- temperature (2050 K); mole fractions for H-atom (0.025),
H2 (0.12), and C2H2 (0.06). These base case conditions are
therefore implicitly assumed to be constant during the region
of the flame considered. However, to compare the experimental
mole fraction profiles, which have height above burner as the
independent variable, to the model predictions, for which time
is the independent variable, the convection time in the flame
as a function of height above burner is calculated to provide
the necessary change of variable; calculation of the
convection time is based on actual flame temperatures and
species profiles (McKinnon, 1989). Also, the only flame
chemistry modeled is that included in the fullerene formation
mechanism; competing molecular weight growth pathways and
oxidation are not included. Therefore, an overprediction of
the mole fractions of C60 and C-70 should be expected if indeed
-205-
the mechanism describes the major,- chemical processes of
fullerene formation.
APPLICATION OF TRANSFER FUNCTION -- SENSITIVITY TO INPUT
FUNCTION
In this section, 5 different input functions are used to
predict fullerene mole fractions. The goal is to determine
the sensitivity of the predicted output to the shape of the
input form used for approximating the FLTHN profile. The five
forms for the input functions were selected because of their
relatively simple Laplace transforms.
The first input function (form 1) is a square pulse of
unit height, length to, centered at time = to. The remaining
forms are so defined to have their peak value of unity, peak
location at time = to, to have areas equal to that of the
square pulse of duration to. The remaining forms are: an
isosceles triangle (form 2); t2*e-", shifted so that the peak
is at t = to (form 3); a half sine-wave (form 4); and a
parabola (form 5). Figure 9.3 shows these five forms for the
case of to = 1 ms. The Laplace transforms of these five input
function forms are:
form 1: [ek #)s- e*["
-206-
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0.6 -
0.4 -
0.2 -
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0.0
-H- square
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44
0
0
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(4~4
0
04
N
2.0
C4,
0
4H
form 2: 1]* 1 - 2 *e~ t*s + e t** [tk
to 2 2 s
form 3: * [e2[)
8m4 ] t +2
21~ ~~ s 2- to)1 1 t
form 4: - *e 4) + e- j *
t 0 2
32 - to Sform 5: * 
+ 8 * -(-!
3 to
~ (I~ osl 1
- e *
+ to *
s2
Using the above forms as inputs into the transfer
function, the resulting predicted (C60+C 70 ) mole fractions,
expressed in terms of peak input FLTHN mole fraction, are
shown in Fig. 9.4. The results are virtually identical for
all the input forms except form 3. The difference in form 3
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can be explained by considering Fig. 9.5, which shows the
integrated areas of the forms as a function of time. Form 3
is the only one which is not symmetric about t = to (= 1 ms),
so the curve is effectively shifted to a later time than that
of the other forms.
Another surprising feature of the predictions is that the
total amount of fullerenes formed is larger than the peak
FLTHN value. Numerically, the gain is the ratio between the
area under the input curve and the area under the FLTHN
profile in the simple 2-equation model. The area under the
curve for the simple model is Io * (p/xy). In this way, the
input forms reflect the nature of FLTHN as an intermediate,
and not a starting material, in that while FLTHN is being
consumed to lead to fullerene formation additional FLTHN must
be produced to lead to the shape of the input form.
The gain can also be seen in the partial fraction
expansion of the transfer function:
p [s) (.r-p) s+r p (p --r) )s+p[ ][ I+ [ rx (' ]j[ + JI[
The Laplace transform of a constant step function is 1/s,
while 1/(s+a) is the transform of e-". The 1/s term determines
the numerical value of the output at t = co, integrating the
area under the input curve. The factor xy/p is equal to
1.789*104 s-1. The final value of the C60+C70 mole fraction is
-210-
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U)
0
4
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44
then equal to (xy/p)*(area under input curve -- units of mole
fraction * time). The final mole fraction for C60+C 70 in the
original modeling results is (xy/p)*[(p/xy)*Io] = Io (= 10-
mole fraction). For the case of the 1 ms square pulse the
final C60+C70 mole fraction is (xy/p)**[10 3 s'*Io] = 17.89*Io.
While the results for output mole fraction are not
strongly sensitive to the shape of the input curve, the
predicted rates of fullerene formation are. Figure 9.6 shows
the predicted rate of C60+C70 formation (in units of peak FLTHN
mole fraction/s) for the five input forms. The
discontinuities in the square pulse are seen in the
derivative. Peak values for the rates range by only -25%, so
for the current OOM study they are close enough to each other.
Another complication exists in analyzing the rates of
formation, in that the first-order fit overpredicts the peak
fullerene formation rate. Figure 9.7 shows the deviation from
the model output of the 1 fit to the model output for
conversions < -20%. Near the region of t = r' (= 2.27 ms) the
fit also overpredicts the rate of fullerene formation. For
the 10 fit, the predicted maximum rate of fullerene formation
is IO*Yf*rf. Figure 9.8 shows rates of fullerene formation
calculated from the original output mole fractions. The peak
formation rates are -2/3 of the peak rates of the 1' fit.
DRAWING NEW FLTHN PROFILE
Given the insensitivity of the predicted fullerene mole
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fractions to the shape of the input FLTHN (fluoranthene)
profile, the relevant features of the profile are the peak
value, peak location, and area under the curve. The areas
under the curves for the five input forms can be expressed in
terms of the peak height (I,) times the half-width (th) times
a correction factor (a). For the five forms, a = 1, 1, 1.09,
0.95, and 0.94, respectively. Given the approximate nature of
the present work, a is taken to be unity.
For the $=2.2 benzene flame (McKinnon, 1989), no
measurements of fluoranthene mole fraction were obtained.
However, a qualitative measurement of the PAH concentrations
were obtained by analysis of absorption profile at 410 and
1400 nm (Fig. 9.9). From these data it is impossible to
determine where the fluoranthene component of the absorption
is in terms of flame position. The FLTHN peak location was
chosen to be at the middle of the apparent peak of the
absorption profile. The half-width (th) of the FLTHN profile
was set to be 0.5 ms, based on comparison with a measured
fluoranthene profile in a 0=2.0 benzene flame (McKinnon,
1989), and a profile for mass 202 species (which include
fluoranthene) in a $=1.8 benzene flame (Bittner and Howard,
1981). The peak value of the FLTHN mole fraction was set at
6*10-, the value for the $=2.0 flame. This is a conservative
understatement, since PAH formation increases with increasing
equivalence ratio.
The experimental mole fraction data all have height above
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burner as the independent variable' while the modeling is
based on time as the independent variable. Conversion between
distance and time is based on the calculated convection time
in. the flame. The mass average velocity (v) is defined in
Chapter 6. Parameters for calculating v are found in McKinnon
(1989). Since dz = v*dt (where z = height above burner), the
convection time is found by j(1/v)dz. In terms of convection
time, the peak location of the FLTHN profile (tn) is 2.65 ms
(beyond 1 mm HAB).
PREDICTION OF C, AND C7 MOLE FRACTIONS IN 5=2.2 FLAME
The form for the input FLTHN profile was chosen as the
1/2 sine wave (form 4), since this form is relatively simple
to handle, yet has the type of curvature seen in experimental
profiles. The input function is:
[1I ] * [e~b"] * + * [ b[e + e s2 + b 2
where t. = t, - 3/4) th, and b = (2*r) / (3*th) . (Remember I, =
6*10- mole fraction; th = 0.5 ms; t, = 2.65 ms beyond 1 mm
HAB.)
The transformed output for fullerene mole fraction is (in
a partial fraction expansion)
-218-
[I*y Y * [e~U * * + e{-)s] *
C1] [C 2 ] [C C [ C5 * s
s +s+r s+p S 2+b 2 J+ 2+b 2
where the C are grungy combinations of x, y, r, p, and b:
C2 = b* (rX -
2 ( ) (.r 2 +b 2 )
[br] (p-x) (p-y)
C3 [ (p-r) (p 2 +b2 )
C4= [br]* pr(x+y) -xy(p+r) +b 2 (p+r-x-y) 1( b2+p2) (b2 +r2)
C = 3*f -b4 +b2[xy+rp - ( x+y) (zr+p)l]-xyrps b [ Y(b 2 +p 2 ) (b 2 +r 2 )
C, is the simplest, but most important, of the constants,
since it determines the gain of the transfer function, and
thus the values of the final outputs. C1 = (x*y)/(p*b) =
4.271. Since the [1 + exp(-(w/b)s)] factor is unity plus a
unit step function, the constants C, end up being multiplied
by two, so the final gain of the mechanism is 8.542.
Figure 9.10 shows the fluoranthene profiles and the
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JTM/SM 2.2 flame
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resulting mole fractions profiles for C60, C70, and (C60+C 7 0) .
These predictions are compared with experimental data in
Figures 9.11 (linear plot) and 9.12 (semi-log plot). An
overprediction of the fullerene profiles is seen, consistent
with the neglect of competing growth pathways and of
oxidation. Part of the apparent lag in predicted fullerene
formation is due to the neglect of axial diffusion and the
approximate nature of the first-order fit to the output of the
mechanism.
Overall, too much C60 and C70 is produced, a little bit too
late, but this prediction based on the transformed modeling
results reaffirms the kinetic plausibility of the mechanism.
That the mechanism predicts fullerene formation in a way that
is close to comparable with the data is noteworthy, given the
assumptions and approximations made. The fit is also
encouraging since the results of Figs. 9.10-9.12 are quite
literally a convolution of the original SENKIN output. The
shape of the fullerene profiles does not match well the data
of the $=2.2 flame, but is similar to that of the $=2.4 flame
(Fig. 2.7), in which destruction due to oxidation can be
considered to be less important. [The reasons for choosing
the #=2.2 flame, as discussed in Chapter 7 are: 1) of all the
flames for which mole fraction data are available, this flame
had the highest mole fraction of C6o + C70; and 2) supporting
data (temperature, H2 and C2H2 mole fraction) were available to
help in modeling.]
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CONCLUSIONS
A method has been developed for convoluting the data from
the plug-flow modeling to reflect the nature of fluoranthene
as a flame intermediate and not an inlet species. Comparison
with the data is surprisingly good, given all the assumptions
and approximations made, supporting the finding that the
fullerene formation mechanism is kinetically plausible.
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Chapter 10 -- Coniclusions
CONCLUSIONS
The results of the present study show the kinetic
plausibility of a chemical mechanism for fullerenes C60 and C70
formation based on chemistry known to occur in PAH formation.
There is better than order-of-magnitude agreement between
model predictions and data for rates of fullerene formation in
flames. Of the two formation pathways considered, the direct
pathway (successive C2H2 addition) is responsible for the
production of virtually all of the C60 and C70, with the
coagulation pathway as described (reactive coagulation of C5,
precursors) contributing less than 10~6 to the overall
fullerene production. Agreement between experimental and
predicted C70/C60 ratios is excellent. Predictions of known
trends with respect to temperature and pressure are
encouraging though limited by the inability of the simplified
modeling approach to account for the chemistry of the entire
flame.
The results for the entire 124-reaction mechanism can be
described in terms of a global 10 reaction in fullerene
precursor and an induction time. Convolution of the modeling
results from the plug-flow simulation to reflect the nature of
the input fullerene precursor as a flame intermediate yielded
-225-
results confirming the mechanism's plausibility.
Estimated thermochemical properties and transport
parameters for species in the fullerene formation mechanism
are internally consistent and physically reasonable. Global
equilibrium calculations predict a temperature window favoring
fullerene formation centered around 2000 K, and disfavoring
fullerene formation at above-atmospheric pressures, although
there is a narrow temperature window predicted for stability
of fullerenes at high pressures. The estimated thermodynamic
properties, combined with the result that the concentrations
of supporting species in the mechanism (i.e., H, H 2, and C2H2 )
are approximately constant, supported the exploration of rate-
limiting processes in the mechanism. Rate-limiting processes
include: 1) H-abstraction to form a-radicals, 2) ring growth
between fluoranthene (C16H10) and HB (C30HIO), 3) intramolecular
rearrangements. The predicted C70/C6o ratio can be explained in
terms of elementary reactions; the competition between tube-
like ring growth and cage-closing reactions centers on the
rate-limiting nature of the intramolecular rearrangements
included in the cage-closing process.
DISCUSSION
Relevance to Carbon Vapor Systems
Carbon vapor systems used to generate fullerenes differ
from flames by including only carbon and an inert gas (often
helium). The chemistry therefore differs from the present
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hydrocarbon-based mechanisms. No --hydrogen is present to
satisfy valences of edge carbons, and hydrogen removal is not
needed in cage-closing steps. While the temperatures of the
carbon vapor systems are not well known, the species are
sufficiently energetic to undergo strained ring formation and
intramolecular rearrangements. Some species may be so
energized by (exothermic) C-C bond formation as to require a
sufficiently high bath-gas pressure to keep the transition
state from decomposing back to reactants.
In the absence of hydrogen the more prevalent structures
for certain carbon numbers may be closed-cage clusters instead
of the incompletely formed cages proposed as intermediates in
the present mechanism. The incorporation of C2 and C3 units
into such clusters would require a different mechanism,
perhaps attachment of the smaller species to the cage followed
by cage rearrangement to accept the new carbon atoms. Again,
such a growth mechanism could more readily occur with the
highly excited species existing in carbon vapor systems than
in a flame around 2000 K.
Some features of the chemistry of fullerenes formation in
flames may be pertinent to carbon vapor systems. Small (C2
and C3) carbon molecules exist in carbon vapor systems, and
the chemistry of their reactions would have features similar
to molecular weight growth processes in flames. Also,
thermodynamic equilibrium calculations show the hydrogen-less
corannulene structure to be a significant fraction of the C20
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present under conditions of interest (Brabec et al., 1992).
The presence of the main types of growth species used in the
present mechanism, both cup-shaped fullerene precursors and
small C2 growth species, suggests that parts of this mechanism
would be of interest in carbon vapor systems. Conversely,
fullerene precursors in flames may be similar to those in
carbon vapor systems, since the fraction of radical sites
(dangling bonds) on the edges of PAH in combustion
environments may be as high as to 20-40% (Howard, 1990),
corresponding, for example, to two to four dangling bonds per
corannulene species (i.e., C20H10 , C20H9, C20H8 , C20H7 , C20H6 , etc.).
PAH structures with multiple dangling bonds might be more
stable than otherwise thought possible, depending upon their
structure. Adjacent a-radicals in an aromatic show benzyne-
like triple-bond character, increasing their stability by -40
kcal/mol per such radical pair (Zhang and Chen, 1992; Blush et
al., 1992). Structures in which all dangling bonds can be so
paired might then be strongly favored. The C5,-symmetry
species have structures in which all dangling bonds can be so
paired as to have benzyne-like triple bonds. Much of the
discussion of mechanisms of fullerene formation is based on
linear, ring, or closed-cage structures for the C. species
(Tominek and Schluter, 1991; von Helden et al., 1991; Heath,
1992; Wakabayshi and Achiba, 1992). The above stability
argument further supports the notion that the mechanism
described in the present work, which is based on principles of
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combustion chemistry, may be pertinent to the chemistry of
fullerene formation in carbon vapor systems.
Relevance to Soot Formation
The proposed mechanism does not rely on the presence of
soot for fullerene formation, consistent with the detection of
fullerenes in a non- (but near-) sooting benzene flame as
mentioned above. The mechanism also does not suggest that
fullerenes, or their precursors, contribute to soot formation
to any greater degree than do other PAH species. In flames
producing both fullerenes and soot, the main formation of
fullerenes lags significantly the formation of soot (Howard,
1992).
In contrast to soot, fullerenes have specific, well-
defined molecular structures. Exactly forming these carbon
cages requires specific types of reaction sequences, any
appreciable deviation from which would preclude fullerene
formation. Evidence for the special nature of the fullerene
formation process is seen in the narrow range of combustion
conditions favoring fullerene growth (high temperatures and
below-atmospheric pressure) . Allowing for intramolecular
rearrangements would increase the number of fullerene
precursors allowed, but given the relatively slow rate of
rearrangements below -2000 K, the residence time of flames
would not normally permit multiple rearrangements. This
places severe restrictions on the types of structures which
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can lead to fullerenes. The placement of 5- and 6- rings must
be such that the structure is, or can readily rearrange to,
that of a portion of a fullerene. Any reaction which removes
a molecule from the group of suitable structures (e.g.,
reactive coagulation of HB and coronene) must be excluded from
the fullerene formation sequence. These constraints are
clearly dependent upon reaction conditions, and their
existence for fullerenes is in stark contrast to soot particle
inception and growth. Consideration of differences between
fullerenes formation and soot formation therefore requires
discussion of the special nature of fullerene-forming
intermediates.
Any reactive coagulation of PAH can be seen as part of
the soot formation process except for a small subset of these
reactions which result in molecules with structures permitting
further growth toward fullerenes. Accordingly, proposed
mechanisms of fullerene formation should be specific in the
description of intermediates, as discussed in Chapter 2.
Although the work at present does not present all coagulation
sequences which can contribute to fullerene formation in
combustion, it does for the first time describe a set of
feasible reaction pathways in sufficient detail to permit
critical testing.
Just as with the coagulation portion of the present
mechanism, the direct formation chemistry presented for C60 and
C70 cannot be considered to be complete, since other
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intermediates besides the ones proposed can be envisioned.
Among the other fullerenes observed in flames, e.g., C76 , C4,
C90 and C4 (Anacleto et al._, 1992), the formation of C76, C94,
and C9 would require different intermediate compounds than the
C5, precursors larger than corannulene. For IPR fullerenes
containing only 5- and 6-rings, it is a tautology that each 5-
ring is part of a corannulene moiety. It further follows that
any IPR fullerene structure containing the HB moiety contains
the FB moiety. However, the HB structure is not part of any
IPR fullerene structure for C76, C4, and C4, and it is
conjectured that only CI fullerenes (n;>6) with 5-fold axes of
symmetry (point groups D5d, D5h, Ih) can contain the HB moiety
within an IPR structure. Therefore, formation of fullerenes
besides CI compounds requires either multiple rearrangements
or, more likely, divergence from the corannulene -+ HB reaction
pathway. However, the mechanism as described can be seen as
at least a good approximation to the most likely route to
direct C60 and C70 formation.
Fullerene formation can then be seen as branching from
the soot/flat PAH molecular weight growth sequence at the
point where significant curvature is introduced into the
molecule via internal 5-rings. Corannulene can therefore be
seen as the prototypical fullerene precursor, although it is
not the only molecule having a suitable structure. Continued
growth along the fullerene sequence is contingent upon proper
location of 5-rings with respect to 6-rings, or facility in
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ring rearrangement leading to such structures. As mentioned
above, reactions causing significant deviations from the ideal
structure prevent the molecule from forming a fullerene.
Therefore, fullerene formation in combustion is an uphill
battle, both in terms of thermodynamic barriers and structural
considerations.
Certain trends in soot formation are also followed in
fullerene formation in flames. Thus, fewer fullerenes are
produced in acetylene flames than in benzene flames (Gerhardt
et al., 1987; Gerhardt et al., 1989; Baum et al., 1992;
unpublished results) , and the peak values of PAH6 and soot in
acetylene flames are lower than in comparable benzene flames.
Models for PAH and soot formation as well as the present model
of fullerene formation rely on C2H2 as a primary growth
species. The rate of formation of these molecular weight
growth products therefore depends on C2H2 concentration to a
high power (cf . Table 7.1) . Since C2H2 concentrations are
higher when C2H2 is the fuel than for flames in which CH 6 is
the fuel, these results appear inconsistent. The difference
lies in the orders of magnitude increase in PAH concentration
in the benzene flames, making more aromatic "seed" molecules
available for continued molecular weight growth. The
mechanism presented for fullerene formation is consistent with
this behavior.
Not only have fullerene ions been observed (Gerhardt et
al., 1987; Gerhardt et al., 1989; Baum et al., 1991; Baum et
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al., 1992) but also PAH ions have long been observed in flames
(Olson and Calcote, 1981; Calcote and Keil, 1988; L6ffler and
Homann, 1990). Among the ions observed, few correspond to the
fullerene precursors presented here. Most of the neutral PAH
observed have an even number of carbon atoms. Ionic PAH6
observed predominantly have odd numbers of carbon atoms, i.e.,
PAH6 with a phenalene (C13H9*) core structure. For PAH6, the
ionic species track a different, but analogous, sequence of
growth as compared to the neutrals. Also, PAH ion
concentrations are generally orders of magnitude lower than
those of comparable neutral species. Since the fullerene
formation mechanism is based on curved PAH precursors with
even numbers of carbon atoms, it is not surprising that ionic
forms of them have not been observed. Furthermore, that ionic
forms of these precursors have not been observed does not in
any way preclude the existence of the proposed precursors.
The observed ions show the beginning of a sequence of odd-
numbered curved PAH containing 5- and 6-rings (L6ffler and
Homann, 1990; Baum et al., 1991). Such a growth sequence,
analogous to the observed (phenalene) sequence of PAH6 ions
(Olson and Calcote, 1981; Calcote and Keil, 1988; L6ffler and
Homann, 1990), would be a reasonable consequence of extending
the chemistry of PAH6 growth to the chemistry of 5- and 6-ring
containing PAH (PAH5/6). However, like the phenalene
sequence, such ionic forms of PAH5/6 would be expected to be
present in concentrations orders of magnitude lower than
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comparably sized neutral PAH5/6. '.There is an additional
complication in using such a sequence of PAH5/6 with odd
numbers of carbon atoms to explain fullerene formation.
Stable fullerenes, both neutrals and ions, have even numbers
of carbon atoms. An explanation of the cage closing steps for
odd-numbered cages would need to be developed. Proposed
mechanisms for removal of carbon atoms from fullerenes are
based on their ejection in multiples of C2 (O'Brien et al.,
1988). In short, observations of ionic species relevant to
fullerene formation do not cast doubt upon the mechanism's
validity.
In summary, the position taken is that soot formation
does not depend upon fullerene formation, or on strongly
curved fullerene precursors. In terms of soot growth,
fullerenes are expected to contribute only in the way that PAH
do, by sticking to soot surfaces. Similarly, fullerenes do
not depend upon the presence of soot for their formation. The
position is taken that fullerenes formation is a subset of the
molecular weight growth pathways which also form soot and
large flat PAH, but that fullerene formation lags soot
formation for no other reason than that fullerenes take longer
to form.
The notion that all flames produce fullerenes, but that
they are oxidized more quickly than soot (precluding their
observation), is also challenged. Although studies have shown
fullerenes to oxidize more quickly that graphite (McKee,
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1991), these experiments were performed at low enough
temperatures for 02 to be the main oxidizing species. At
combustion temperatures, other oxidation pathways are faster,
such as 0-atom and OH attack. One of the features of
aromatics oxidation by 0 and OH is the formation of a 5-ring
from a 6-ring (Cypres and Bettens, 1974; Venkat et al., 1982;
Brezinsky, 1986; Lin and Lin, 1986). Most of the species in
the fullerene formation mechanism cannot undergo such a 6-ring
to 5-ring reaction without forming a non-IPR structure; they
are therefore suggested to be resistant to such oxidation
reactions. Furthermore, oxidation might actually enhance
fullerene formation via creation of 5-rings. C6 has a low-
lying triplet state and as such is known to convert 302
(ground-state) to 102 (Foote et al., 1990; Arbogast et al. ,
1991). C60, and possibly other fullerenes, might therefore be
more receptive to 02 attack than PAH6, soot, or graphite, but
this result need not be inconsistent with fullerenes being
less likely to be oxidized under combustion conditions.
RECOMMENDATIONS
Experimental
One of the more practical long-range goals of modeling
fullerene formation is the application of the results in the
design of fullerene-producing reactors. Although the modeling
is still in an early stage, results which may be relevant to
real-life flames have been obtained, such as the temperature
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range in which fullerenes are expected to be produced most
readily, and the effect of species such as C2H2 on fullerene
formation. Further work in finding optimal conditions for
fullerene-producing flames would be of interest in its own
right, and would also help in conceptual development of models
and their predictive capacity. Also, efforts to detect
precursors contained in the fullerene formation mechanism
would give insight into fullerene formation pathways, as well
as support or disprove the present mechanism. Of these
species, corannulene is important in that it is the first
species in the mechanism whose presence in flames has not been
confirmed in the literature. Corannulene is also the first of
the C5v species, as well as the first species to have a 5-ring
completely surrounded by 6-rings. Discovery of corannulene in
a flame environment would greatly increase the proposed
mechanism's credibility.
Chemistry and kinetics of PAH reactions
Greater understanding of rearrangements in PAH would help
in application to chemical mechanisms for PAH. Clarification
of the nature of the process, as well as the kinetics, would
be useful, since the rearrangement steps in the mechanism have
been found to be of importance.
The chemistry of formation of small PAH5/6, such as
fluoranthene and benzo[ghi]fluoranthene, has not been as well
explored as that of small PAH6. Lack of detailed kinetic
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mechanisms for the starting species in the fullerene formation
mechanism is a major obstacle to the modeling of fullerene
formation via flame code simulations.
Further theoretical work exploring similar PAH5/6 growth
pathways to the ones presented in the mechanism would aid in
testing the validity of the present mechanism. Also, as
argued above, formation of fullerenes besides ones such as C60
and C70 would most likely require early divergence from the
proposed mechanism. Understanding the branching between
growth according to the mechanism and growth leading to other
products would also help delimit the range of reaction paths
which can lead to fullerenes.
Further work, experimental and theoretical, on the
determination of rate coefficients for the reactions in the
mechanism would be invaluable. The present work uses rate
coefficients for flat PAH reactions. Any differences in
forward rates based on the curvature of the species involved
would affect modeling results.
Thermodynamic Properties of Fullerenes and Their Precursors
For species such as C60, C70, fluoranthene,
benzo[ghi]fluoranthene, and corannulene which have been
produced in macroscopic quantities, experimental studies of
their thermochemical properties would be invaluable. For the
above compounds as well as all the others in the fullerene
formation mechanism, calculation of thermodynamic properties
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would be useful in providing aj more solid basis for
estimations. The group additivity technique as currently
employed now lumps ring strain and resonance stabilization
effects into one group; further work on separating these
effects, similar to the separation of resonance effects by
Herndon et al. (Herndon et al., 1992), may yield higher-
quality estimations.
The results of much of the analysis of the mechanism (cf.
Chapter 8) is dependent upon the estimated thermodynamic
properties. The question remains of how the basic modeling
results are dependent upon the supporting thermo. After the
completion of the present work, an alternate method to the
interpretation of the PAH5/6 groups of Moiseeva and Dorofeeva
(1990) was found. For an ace-ring, Moiseeva and Dorofeeva
(M&D) describe the C-H groups as E groups, but the remaining
groups in terms of PAH6 groups (groups B-D) . Reassigning
groups on this basis would affect all compounds with ace
rings. These compounds include those at the portions of the
mechanism found to be rate-limiting (the formation of HB and
nearby species, and the species which undergo intramolecular
rearrangement).
Figure 10.1 is a plot showing the results of the
alternate group additivity approach (cf. Fig. 4.7). The
steepness of the thermodynamic barrier to HB formation is much
less than with the old method. However, the rearrangement
steps become less favored (kf/k' = 1/20, as compared to 1/8
-238-
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previously). The effect of the alternate thermo. on C6o+C70
formation (Fig. 10.2) is, however, surprisingly small. Thus,
the thesis goal of establishing kinetic plausibility of the
mechanism is still met. The lack of sensitivity of the
results can be explained by remembering that the properties of
the species at the endpoints of the mechanism do not change
appreciably. (The properties of C60 do not change at all.) It
is like a staircase in which the total height and total number
of steps has not changed, but the size of some of the steps
has changed.
There are arguments in favor of the estimation technique
as performed in Chapter 4. One of the real limitations of the
estimation techniques is failure to take into account ring
strain in the PAH6 groups used for curved PAH5/6. Using the
PAH6 groups in the manner of M&D, in lieu of the J, K, and
KCURV groups as was previously done, appears to amplify this
problem. The interpretation given in Chapter 4 might actually
have yielded more realistic results. There are also
inconsistencies in the M&D group definitions, such as those
discussed in Chapter 4, which make further revisions based
upon the M&D groups not straightforward. Furthermore, their
fitting of J and K groups is based on molecules containing
"fluoranthene fragments". The present author cannot envision
such moieties (of a type which would not introduce significant
curvature, such structures being excluded by M&D) which would
not contain four J and one K group each. They could just as
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easily defined a group (provisionally called JK) which is
(4J+K) /5. There are sufficient inconsistencies in the work of
M&D to make revising the present estimations of questionable
value without additional supporting information, since the
best way to do so is unclear.
Industrial and Environmental Considerations
At present, fullerenes are not being produced at large
scale. One of the possible long-range consequences of the
present work is progress towards the development of processes
capable of producing more than a couple of grams of fullerenes
per hour. Combustion reactors are likely candidates for
scaling up to industrial specialty-chemical or commodity-
chemical reactor size. Given the minimal knowledge of the
effects of fullerenes upon biological systems or upon
atmospheric chemistry, the following proposals are based upon
what is known, reasonable inferences based on existing
knowledge, and the premise that an infinitely high value
should be placed on maintaining the stability of the larger
system within which all terrestrial life thrives, the
environment of Earth.4
Biological effects of fullerenes are at present of
importance primarily to those investigating fullerenes, and to
those engaged in their small-scale production (Foote et al.,
4Much of my original motivation for studying combustion processes was based on concern for
environmental issues. Although my present work no longer centers around combustion products known
to have environmental impact (soot and PAH), my environmental interests remain.
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1990). If there should come a time when large-scale fullerene
production is possible, the biological effects will have a
correspondingly greater impact. Fullerenes and their
precursors have structural features similar to PAH known to be
mutagens and carcinogens, such as fluoranthene and
cyclopenta[cd]pyrene. It is therefore possible that
fullerenes may be mutagens or carcinogens, and as such, should
be handled like bioactive PAH. The toxicity of fullerenes is
not known. Exploration along such lines might reveal causes
for concern.5
An additional source for concern vis-a-vis biological
effects of fullerenes is the ability of C60 to convert 302
(ground-state) to 102 (Arbogast et al. , 1991), since 102 is a
biohazard. This property of C60 has implications for all life-
forms using 02, including plant life. Further implications
for increased 102 prevalence might be in the area of
atmospheric chemistry. Having very limited knowledge of
atmospheric chemistry, this author can suggest little more
than consideration of the effect of 102 upon the atmosphere.
Studies of transport properties of fullerenes, both in gaseous
media (e.g., air) and condensed media (e.g., water, soil)
could also be useful in predicting possible ecological impact.
Control of the transport of fullerenes would be
complicated by their size. Physical filtering of -7A
5Due to personal conflicts, it would be difficult for me to recommend in vivo tests of
fullerenes toxicity. It is recognized that such studies are commonly performed.
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fullerenes in gaseous or liquid media would be impossible. A
possible method for control of fullerenes transport might be
found in their unusual magnetic properties. Similarly,
development of methods for detection of trace quantities of
fullerenes could promote the safety of those who work with
fullerenes, as well as possibly those in the larger
environment.
At this point, the reader might be questioning the
necessity of the apparent high level of concern. After all,
literally hundreds of thousands of not-found-in-nature
chemicals have been synthesized, yet life continues on Earth.
I will do no more than mention the recently increased level of
concern for environmental issues world-wide. Furthermore,
there are properties of fullerenes which make these molecules
an especial cause for concern.
With the exception of fullerenes having been found inside
rock formations in Russia (Buseck et al.., 1992) and in the
western U.S. (Daly et al., 1993), no known natural,
terrestrial sources of fullerenes exist. As described above,
the position is taken that only special combustion conditions
produce fullerenes, therefore, fullerenes are not considered
to be ubiquitous on the earth. The difficulty in forming
fullerenes at atmospheric pressure supports this assertion,
since natural processes generally take place at pressures -1
atmosphere. The position is taken that fullerenes which may
have been around before the most recent times would have been
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extremely rare, existing in traces. Large-scale production of
fullerenes would introduce well-above natural amounts of these
molecules to the planet.
The stability of the cage structure of fullerenes is the
property which might provide the greatest cause for concern.
One of the earliest properties known about C60 was its especial
stability against attack by radical scavengers (Zhang et al.,
1986). Thermal decomposition of fullerenes in the absence of
attacking species is predicted to occur at -6000 K (Wang et
al., 1992). Modeling of C60 molecules being projected at a
diamond surface at -17,000 miles/hour predicts that they
bounce back (Mowrey et al., 1991). Even though the above-
mentioned work of fullerene oxidation shows that fullerenes do
decompose at elevated temperatures, little is known about
their behavior at ambient conditions. It is therefore quite
possible that fullerenes might persist in the environment for
times quite long compared to the life-span of humans.
Until the above concerns have been adequately addressed,
large-scale production of fullerenes (once demanded) would be
quite dangerous and unwise. Given the present concerns for
the stability of the earth's environment, introduction of a
conceivably hazardous substance with what may be a long
lifetime in the environment cannot be done in the laissez-
faire manner in which many other environmental contaminants
had been created and dispersed. A more reasonable approach
would be to assess possible consequences before any possibly
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6catastrophic results may occur.
Though the above arguments hold for any possible future
large-scale industrial uses for fullerenes, they are also
suitable when considering consumer products. Fullerenes are
quite pretty and colorful: C60 is magenta in toluene solution
and yellow in solid form; C70 is red (both in solid form and in
toluene solution). The possible desire to make consumer
products of these materials might be better deferred until the
health and environmental effects are better known. There are
many precedents for such negligence in terms of consumer
products. An example which is hard to imagine for one of my
generation is a children's science kit containing radioactive
compounds which was produced in the 1950's (Schuyler, 1991).
A little bit of foresight could protect future generations
from similar risks.
6It is recognized that such an approach is at odds with many current economic and political
principles. Such principles have led to the current crises, and could therefore stand revision.
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Appendix A: Fullerene Precursors -- Group Contributions
(Detailed Groups) -- Stable Species Only
FLTHN
B1 - 10
F1 - 1
J2 - 2
J3 - 2
K5 - 1
BGHIF
B1 - 10
F1 - 3
J2 - 2
K1 - 1
K6 - 2
COR
B1 - 10
F1 - 5
K1 - 5
COR1
B1 - 8
El - 2
F1 - 4
J4 - 2
K1 - 4
K2 - 1
K3 - 1
COR2A
B1 - 6
El - 4
F1 - 3
J1 - 2
J4 - 2
K1 - 3
K2 - 2
K3 - 2
COR2B
B1 - 6
El - 4
F1 - 3
J4 - 4
K1 - 3
K2 - 2
K3 - 2
COR3A
-247-
B1 - 4
El - 6
Fl - 2
J1 - 4
J4 - 2
K1 - 2
K2 - 3
K3 - 3
COR3B
B1 - 4
El - 6
Fl - 2
J1 - 2
J4 - 4
K1 - 2
K2 - 3
K3 - 3
COR4
B1 - 2
El - 8
Fl - 1
J1 - 6
J4 - 2
K1 - 1
K2 - 4
K3 - 4
HB
El - 10
Ji - 10
K2 - 5
K3 - 5
HB1
Bl - 2
El - 6
E2 - 2
Jl - 8
J4 - 2
K2 - 5
K3 - 3
K4 - 4
HB2A
Bl - 4
El - 4
E2 - 2
Jl - 6
J2 - 2
J4 - 2
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HB
HB
HE
K2 -
K3 -
K4 -
2B
B1 -
El -
E2 -
Ji -
J2 -
J4 -
K2 -
K3 -
K4 -
3A
B1 -
El -
E2 -
Ji -
J2 -
J4 -
K2 -
K3 -
K4 -
3B
B1 -
E2 -
Ji -
J2 -
J4 -
K2 -
K4 -
HB4
B1 -
E2 -
Ji -
J2 -
J4 -
K2 -
K4 -
TB
TB1
B1 - 10
J2 - 10
K2 - 10
K4 - 10
B1 - 10
6
2
6
4
4
2
6
2
2
5
1
8
6
2
2
4
4
2
7
1
8
6
4
4
2
4
6
10
8
2
2
6
2
8
10
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Fl - 2
J2 - 8
K1 - 2
K2 - 12
K4 - 8
TB2A
B1 - 10
Fl - 2
F2 - 2
J2 - 6
K1 - 4
K2 - 14
K4 - 6
TB2B
B1 - 10
Fl - 4
J2 - 6
K1 - 4
K2 - 14
K4 - 6
TB3A
B1 - 10
Fl - 2
F2 - 4
J2 - 4
K1 - 6
K2 - 16
K4 - 4
TB3B
B1 - 10
Fl - 4
F2 - 2
J2 - 4
K1 - 6
K2 - 16
K4 - 4
TB4
B1 - 10
Fl - 2
F2 - 6
J2 - 2
K1 - 8
K2 - 18
K4 - 2
FB
B1 - 10
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F2 - 10
K1 - 10
K2 - 20
FB1
B1 - 10
F2 - 8
F7 - 2
F9 - 2
K1 - 10
K2 - 20
FB2Q
B1 - 8
El - 2
F2 - 7
F3 - 1
F7 - 1
F8 - 1
F9 - 1
J4 - 1
J8 - 1
K1 - 10
K2 - 10
K5 - 1
FB2QR
B1 - 10
F2 - 8
F9 - 1
J2 - 2
K1 - 8
K2 - 23
K4 - 1
K6 - 1
FB2QRD
B1 - 8
F2 - 6
J2 - 4
K1 - 6
K2 - 26
K4 - 4
FB3Q
B1 - 8
Fl - 1
F2 - 6
F9 - 1
J2 - 2
K1 - 8
K2 - 28
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K4 - 2
FB3QD-
B1 - 6
Fl - 1
F2 - 4
J2 - 4
K1 - 5
K2 - 32
K4 - 4
FB4Q
B1 - 6
F2 - 6
F9 - 1
J2 - 2
K1 - 7
K2 - 34
K4 - 2
FB4QD
B1 - 4
F2 - 4
J2 - 4
K1 - 4
K2 - 38
K4 - 4
FB5Q
B1 - 4
F2 - 4
F9 - 2
J2 - 2
K1 - 6
K2 - 40
K4 - 2
FB5QD
B1 - 2
F2 - 2
F9 - 1
J2 - 2
J5 - 2
K1 - 3
K2 - 44
K4 - 4
C60
K2 - 60
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HBHBD1
El - 18
E3 - 2
J1 - 20
K2 - 10
K3 - 10
HBHBD2
El - 14
E2 - 2
31 - 18
J5 - 2
J6 - 2
K2 - 10
K3 - 8
K4 - 4
HBHBD3
El - 12
E2 - 2
J1 - 16
J5 - 4
K2 - 12
K3 - 6
K4 - 8
HBHBD4
El - 10
E2 - 2
J1 - 14
J5 - 4
K2 - 17
K3 - 5
K4 - 8
HBHBD5
El - 8
E2 - 2
J1 - 12
J1 - 4
K2 - 22
K3 - 4
K4 - 8
HBHBD6
El - 6
E2 - 2
31 - 10
J5 - 4
K2 - 27
K3 - 3
K4 - 8
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HBHBD7
El - 4
E2 - 2
J1- 8
J5 - 4
K2 - 32
K3- 2
K4- 8
HBHBD8
El - 2
E2 - 2
J1- 6
J5- 4
K2 - 37
K3 - 1
K8 - 8
HBHBD9
E2 - 2
J1 - 4
J5 - 4
K2 - 42
K4 - 8
TBHBD1
B1 - 9
B2 - 1
El - 9
E4 - 1
Ji - 10
J2 - 10
K2 - 15
K3 - 5
K4 - 10
TBHBD2
B1 - 8
El - 8
F4 - 2
J1 - 8
J2 - 8
J5 - 2
J7 - 2
K1 - 2
K2 - 17
K3 - 5
K4 - 8
TBHBD3
B1 - 7
El - 6
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E2 - 1
F3 - 1
F4 - 1
F5 - 1
J1 - 7
J2 - 7
J5 - 1
J8 - 1
J9 - 2
K1 - 2
K2 - 18
K3 - 3
K4 - 11
K6 - 1
TBHBD4
B1 - 6
El - 4
E2 - 2
F3 - 2
F5 - 2
J1 - 6
J2 - 6
J8 - 2
J9 - 2
K1 - 4
K2 - 20
K3 - 2
K4 - 12
TBHBD5
B1 - 5
El - 4
E2 - 1
F3 - 3
F4 - 1
F6 - 1
J1 - 5
J2 - 5
J5 - 1
J8 - 1
J9 - 2
K1 - 6
K2 - 23
K3 - 2
K4 - 9
K6 - 1
TBHBD6
B1 - 4
El - 4
F3 - 4
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F4 - 2
J1 - 4
J2 - 4
J5 - 2
J9 - 2
K1 - 8
K2 - 26
K3 - 2
K4 - 6
K6 - 2
TBHBD7
B1 - 3
El - 2
E2 - 1
F3 - 5
F4 - 1
F5 - 1
J1 - 3
J2 - 3
J5 - 1
J8 - 1
J9 - 2
K1 - 10
K2 - 28
K3 - 1
K4 - 7
K6 - 1
TBHBD8
B1 - 2
E2 - 2
F3 - 6
F5 - 2
J1 - 2
J2 - 2
J8 - 2
J9 - 2
K1 - 12
K2 - 30
K4 - 8
TBHBD9
B1 - 1
E2 - 1
F3 - 7
F4 - 1
F5 - 1
Ji - 1
J2 - 1
J5 - 1
J8 - 1
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J9 - 2
K1 - 14
K2 - 33
K4 - 5
K6 - 1
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C70
F3 - 10
K1 - 20
K2 - 40
FB2A
K2 - 20
K1 - 10
B1 - 10
F2 - 6
F9 - 4
F10 - 2
F7 - 2
FB2B
K2 - 20
K1 - 10
B1 - 10
F2 - 6
F9 - 4
Fl - 4
FB3A/FB3B
K2 - 20
K1 - 10
B1 - 10
F2 - 4
F9 - 6
F10 - 4
F7 - 2
FB4
K2 - 20
K1 - 10
B1 - 10
F2 - 2
F9 - 8
F10 - 6
F7 - 2
XB
K2 - 20
K1 - 10
B1 - 10
F9 - 10
F10 - 10
XB1
K2 - 20
K1 - 10
B1 - 10
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F9 - 10
F10 - 8
F7 - 2
F1l - 2
XB2Q
K2 - 20
K1 - 10
K5 - 1
El - 2
J4 - 1
J8 - 1
B1 - 8
F10 - 7
F12 - 1
F7 - 1
F9 - 11
F1l - 1
XB2QR
K2 - 20
K1 - 11
K6 - 2
J9 - 2
B1 - 10
F2 - 1
F10 - 7
Fl - 1
F3 - 2
F9 - 8
XB2QRD
B1 - 8
J2 - 4
F3 - 4
F10 - 6
F9 - 6
K6 - 2
K4 - 2
K1 - 12
K2 - 20
XB3Q
B1 - 8
J2 - 2
Fl - 1
F2 - 1
Fl - 1
F10 - 5
F9 - 6
F3 - 4
K6 - 1
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K4 - 1
K2 - 21
K1 - 15
XB3QD
B1 - 6
J2 - 4
F3 - 6
F10 - 4
F9 - 4
Fl - 1
K6 - 2
K4 - 2
K2 - 22
K1 - 15
XB4Q
B1 - 6
J2 - 2
F3 - 6
F2 - 3
F10 - 3
Fl - 1
F9 - 4
K6 - 1
K4 - 1
K2 - 23
K1 - 18
XB4QD
J2 - 4
F2 - 2
F10 - 2
F3 - 8
F9 - 2
K6 - 2
K4 - 2
K2 - 24
K1 - 18
XB5Q
B1 - 4
J2 - 2
F3 - 8
F10 - 1
F2 - 3
Fl - 1
F9 - 3
K6 - 1
K4 - 1
K2 - 25
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K1 - 21
XB5QDA
B1 - 2
J2 - 2
J5 - 2
F3 - 10
F2 - 2
F9 - 1
K6 - 2
K4 - 2
K2 - 26
K1 - 21
XB5QDB
B1 - 2
J2 - 2
J5 - 2
F3 - 8
F2 - 1
F10 - 1
Fl - 1
F9 - 2
K6 - 1
K4 - 3
K2 - 29
K1 - 18
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Simplified Groups for Species
Formation Mechanism
SPECIES a N,
C60A
C60B
C70A
C70B
FLTHN
FLTHN-
FLTHNV-
BGHIF
BGHIF-
BGHIFV-
COR
COR-
CORV-
COR1
COR1-
COR1V-
COR2
COR2-
COR2V-
COR3
COR3-
COR3V-
COR4
COR4-
COR4V-
HB
HB-
HBV-
HB1
HB1-
HB1V-
HB2
HB2-
HB2V-
HB3
HB3-
HB3V-
HB4
HB4-
HB4V-
TB
TB-
TBV-
TB1
TB1-
TB1V-
TB2 (A)
TB2(A)-
TB2 (A)V-
TB3(A)
TB3(A)-
TB3 (A)V-
TB4
TB4-
TB4V-
A B C D E J K KCURV
60 0 0 0 0 0 0 0 0 60
60 0 0 0 0 0 0 0 0 60
10 0 0 0 0 10 0 0 0 60
10
2
1
0
0
0
0
10
10
9
10
10
9
10
10
9
8
8
7
6
6
5
4
4
3
2
2
1
0
0
0
2
2
2
4
4
4
6
6
6
8
8
8
10
10
9
10
10
9
10
10
9
10
10
9
10
10
9
0
1
1
0
0
0
10
0
0
0
0
0
0
4
4
4
2
2
2
0
0
0
2
2
2
4
4
4
6
6
6
8
8
8
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
8
8
8
6
6
6
4
4
4
2
2
2
0
1
1
60
0
0
0
3
3
3
5
5
5
6
6
6
7
7
7
8
8
8
9
9
9
10
10
10
12
12
12
14
14
14
16
16
16
18
18
18
20
20
20
22
22
22
24
24
24
26
26
26
28
28
28
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in FullereneAppendix B:
FB
FB-
FBV-
FBi
FB1-
FBlV-
FB2Q
FB2QR
FB2QR-
FB2QRD
FB2QRD-
FB2QRDV-
FB3Q
FB3Q-
FB3QD
FB3QD-
FB3QDV-
FB4Q
FB4Q-
FB4QD
FB4QD-
FB4QDV-
FB5Q
FB5Q-
FB5QD
FB5QD-
FB2(A)
FB2(A)-
FB2(A)V-
FB3
FB3-
FB3V-
FB4
FB4-
FB4V-
XB
XB-
XBV-
XB1
XB1-
XBlV-
XB2Q
XB2QR
XB2QR-
XB2QRD
XB2QRD-
XB2QRDV-
XB3Q
XB3Q-
XB3QD
XB3QD-
XB3QDV-
XB4Q
XB4Q-
XB4QD
XB4QD-
XB4QDV-
XB5Q
XB5Q-
XB5QD
XB5QD-
HBHBD1
1 1
1 0
8
7
8
8
6
6
6
6
6
4
4
4
6
6
4
4
4
4
4
2
2
0
0 0
0 0
0 0
2 0
2 0
2 0
3 2
1 0
1 0
0 0
0 0
0 0
1 0
1 0
0 0
0 0
0 0
1 0
1 0
0 0
0 0
0 0
2 0
2 0
1 0
1 0
4 0
4 0
4 0
6 0
6 0
6 0
8 0
8 0
8 0
10 0
10 0
10 0
12 0
12 0
12 0
13 2
11 0
11 0
10 0
10 0
10 0
11 0
11 0
10 0
10 0
10 0
11 0
11 0
10 0
10 0
10 0
12 0
12 0
11 0
11 0
0 18
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1
1
1
2
3
4
4
2
2
0
0
0
0
1
0
0
0
0
HBHBD1- 1 1 0 0 0 0 18 20 0 20
HBHBD2 1 0 0 0 0 0 16 22 0 22
HBHBD2- 1 0 0 0 0 0 16 22 0 22
HBHBD3 2 0 0 0 0 0 14 20 0 26
HBHBD3- 1 0 0 0 0 0 14 20 0 26
HBHBD4 1 0 0 0 0 0 12 18 0 30
HBHBD4- 1 0 0 0 0 0 12 18 0 30
HBHBD5 2 0 0 0 0 0 10 16 0 34
HBHBD5- 1 0 0 0 0 0 10 16 0 34
HBHBD6 1 0 0 0 0 0 8 14 0 38
HBHBD6- 1 0 0 0 0 0 8 14 0 38
HBHBD7 2 0 0 0 0 0 6 12 0 42
HBHBD7- 1 0 0 0 0 0 6 12 0 42
HBHBD8 1 0 0 0 0 0 4 10 0 46
HBHBD8- 1 0 0 0 0 0 4 10 0 46
HBHBD9 2 0 0 0 0 0 2 8 0 50
HBHBD9- 1 0 0 0 0 0 2 8 0 50
TBHBD1 1 1 9 0 0 0 9 20 0 30
TBHBD1- 1 1 9 0 0 0 9 20 0 30
TBHBD2 1 0 8 0 2 0 8 20 0 32
TBHBD2- 1 0 8 0 2 0 8 20 0 32
TBHBD3 1 0 7 0 1 2 7 18 0 35
TBHBD3- 1 0 7 0 1 2 7 18 0 35
TBHBD4 1 0 6 0 0 4 6 16 0 38
TBHBD4- 1 0 6 0 0 4 6 16 0 38
TBHBD5 1 0 5 0 1 4 5 14 0 41
TBHBD5- 1 0 5 0 1 4 5 14 0 41
TBHBD6 1 0 4 0 2 4 4 12 0 44
TBHBD6- 1 0 4 0 2 4 4 12 0 44
TBHBD7 1 0 3 0 1 6 3 10 0 47
TBHBD7- 1 0 3 0 1 6 3 10 0 47
TBHBD8 1 0 2 0 0 8 2 8 0 50
TBHBD8- 1 0 2 0 0 8 2 8 0 50
TBHBD9 1 0 1 0 1 8 4 6 0 53
TBHBD9- 1 0 1 0 1 8 4 6 0 53
SPECIES E/E E/CB CB/E
HBHBD1 2 0 0
HBHBD1- 2 0 0
TBHBD1 0 1 1
TBHBD1- 0 1 1
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SPECIES PHS PHT VINS
FLTHN- 1 0 0
BGHIF- 1 0 0
COR- 1 0 0
COR1- 0 1 0
COR2- 0 1 0
COR3- 0 1 0
COR4- 0 1 0
HB- 0 0 1
HB1- 0 0 1
HB2- 0 0 1
HB3- 0 0 1
HB4- 0 0 1
TB- 1 0 0
TB1- 0 1 0
TB2(A)- 0 1 0
TB3(A)- 0 1 0
TB4- 0 1 0
FB- 1 0 0
FB1- 0 1 0
FB2QR- 1 0 0
FB2QRD- 0 1 0
FB3Q- 1 0 0
FB3QD- 0 1 0
FB4Q- 1 0 0
FB4QD- 0 1 0
FB5Q- 0 1 0
FB5QD- 0 1 0
FB2(A)- 0 1 0
FB3- 0 1 0
FB4- 0 1 0
XB- 1 0 0
XB1- 0 1 0
XB2QR- 1 0 0
XB2QRD- 0 1 0
XB3Q- 1 0 0
XB3QD- 0 1 0
XB4Q- 1 0 0
XB4QD- 0 1 0
XBSQ- 0 1 0
XB5QD- 0 1 0
HBHBD1 0 0 0
HBHBD1- 0 0 1
HBHBD2- 0 0 1
HBHBD3- 0 0 1
HBHBD4- 0 0 1
HBHBD5- 0 0 1
HBHBD6- 0 0 1
HBHBD7- 0 0 1
HBHBD8- 0 0 1
HBHBD9- 0 0 1
TBHBD1 0 0 0
TBHBD1- 0 0 1
TBHBD2- 0 0 1
TBHBD3- 0 0 1
TBHBD4- 0 0 1
TBHBD5- 0 0 1
TBHBD6- 0 0 1
TBHBD7- 0 0 1
TBHBD8- 0 0 1
TBHBD9- 0 0 1
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CD/H2 CB/CD CD/CB/H E/CD CD/E/H
FLTHNV-
BGHIFV-
CORV-
COR1V-
COR2V-
COR3V-
COR4V-
HBV-
HBlV-
HB2V-
HB3V-
HB4V-
TBV-
TB1V-
TB2 (A)V-
TB3 (A)V-
TB4V-
FBV-
FBlV-
FB2QRDV-
FB3QDV-
FB4QDV-
FB2(A)V-
FB3V-
FB4V-
XBV-
XB1V-
XB2QRDV-
XB3QDV-
XB4QDV-
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SPECIES VIN
SPECIES N,
FLTHNV- 1
BGHIFV- 1
CORV- 1
COR1V- 1
COR2V- 1
COR3V- 1
COR4V- 1
HBV- 1
HBlV- 1
HB2V- 1
HB3V- 1
HB4V- 1
TBV- 1
TBlV- 1
TB2(A)V- 1
TB3(A)V- 1
TB4V- 1
FBV- 1
FBlV- 1
FB2QRDV- 1
FB3QDV- 1
FB4QDV- 1
FB2(A)V- 1
FB3V- 1
FB4V- 1
XBV- 1
XBlV- 1
XB2QRDV- 1
XB3QDV- 1
XB4QDV- 1
HBHBD1 1
HBHBD1- 1
TBHBD1 1
TBHBD1- 1
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Appendix C: Estimated Thermodynamic Properties for Species in Fullerene Formation Mechanism
SPECIES HF(298) S(298)
.00 36.98
C2H2
H
H2
54.20
52.10
.00
72.31
132.36
84.82
144.87
105.76
165.81
137.71
195.77
169.67
227.72
201.62
259.67
233.57
291.63
265.52
321.43
266.18
322.09
266.84
322.75
267.50
323.41
268.16
324.07
268.82
328.88
289.77
347.82
308.51
CP300 CP400 CP500 CP600 CP800 CP1000 CP1500
4.97 4.97 4.97 4.97 4.97 4.97 4.97
48.02
27.39
31.21
96.03
98.53
97.27
98.39
97.99
102.31
106.96
108.08
112.73
113.85
118.51
119.63
124.28
125.40
126.85
131.11
126.24
127.30
122.43
123.49
118.63
119.69
114.82
115.88
107.81
112.13
114.93
116.05
118.84
10.62
4.97
6.90
47.16
46.23
54.81
53.90
59.60
58.92
64.05
63.28
68.54
67.69
73.03
72.10
77.62
76.82
82.35
82.22
85.66
85.56
89.16
89.01
92.36
92.21
95.55
95.39
98.68
97.67
103.15
102.32
107.89
11.99
4.97
6.96
63.32
61.66
71.22
69.64
77.10
75.51
83.21
81.58
89.40
87.73
95.63
93.93
101.94
100.29
108.28
107.61
113.20
112.56
118.22
117.56
123.02
122.47
127.93
127.25
132.79
130.97
138.11
136.58
143.60
13.08
4.97
7.00
76.84
74.60
85.16
83.03
92.06
89.75
99.47
97.13
106.95
104.59
114.47
112.12
122.03
119.72
129.50
128.32
135.73
134.57
142.04
140.87
148.24
147.18
154.56
153.37
160.84
158.42
167.01
164.93
173.28
13.95
4.97
7.02
88.10
85.40
96.92
94.34
104.76
101.87
113.14
110.23
121.59
118.66
130.06
127.17
138.51
135.68
146.74
145.07
154.02
152.35
161.41
159.75
168.80
167.20
176.27
174.60
183.72
180.85
190.71
188.19
197.77
15.27
4.97
7.07
105.12
101.76
115.01
111.75
124.36
120.67
134.01
130.26
143.67
139.92
153.30
149.61
162.79
159.25
171.83
169.31
180.64
178.07
189.67
187.12
198.86
196.23
208.00
205.44
217.13
213.70
225.59
222.41
234.07
16.31
4.97
7.21
116.70
112.89
127.44
123.71
137.80
133.62
148.11
143.85
158.41
154.13
168.62
164.41
178.62
174.63
188.05
184.82
197.84
194.52
207.97
204.66
218.23
214.83
228.42
225.11
238.59
234.82
248.17
244.53
257.77
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AR
18.27
4.97
7.73
132.35
127.76
143.82
139.27
154.99
150.14
166.04
161.12
177.07
172.14
188.04
183.16
198.84
194.11
209.21
204.81
220.21
215.73
231.53
227.06
243.00
238.40
254.33
249.83
265.63
261.06
276.39
271.87
287.16
FLTHN
FLTHN-
BGHIF
BGHIF-
COR
COR-
COR1
COR1-
COR2
COR2-
COR3
COR3-
COR4
COR4-
HB
HB-
HB1
HB1-
HB2
HB2-
HB3
HB3-
HB4
HB4-
TB
TB-
TB1
TB1-
TB2
TB2-
TB3
TB3-
TB4
TB4-
FB
FB-
FB1
FB1-
FB2Q
FB2QR
FB2QR-
FB2QRD
FB2QRD-
FB3Q
FB3Q-
FB3QD
FB3QD-
FB4Q
FB4Q-
FB4QD
FB4QD-
FB5Q
FB5Q-
FB5QD
FB5QD-
C60A
HBHBD1
HBHBD1-
HBHBD2
HBHBD2-
HBHBD3
HBHBD3-
HBHBD4
HBHBD4-
HBHBD5
HBHBD5-
HBHBD6
HBHBD6-
366.56
327.25
385.30
345.99
404.05
362.53
422.59
367.73
425.79
405.92
394.04
454.10
415.96
474.01
433.60
493.65
455.51
513.57
470.95
531.01
492.86
550.92
507.20
565.26
529.12
587.17
585.05
533.93
589.83
507.83
563.73
513.23
569.13
518.63
574.53
524.03
579.93
529.43
585.33
119.96
122.76
123.88
126.67
127.79
127.39
131.72
134.20
135.32
150.82
139.36
140.48
121.46
122.58
132.18
133.30
114.28
115.40
124.99
126.11
105.72
108.22
124.61
125.73
106.72
107.84
122.43
215.68
218.12
192.45
193.51
178.12
180.56
166.54
167.60
152.21
154.65
140.64
141.70
106.76
112.78
111.73
117.32
116.64
122.31
121.63
126.24
125.26
125.82
127.76
126.95
123.24
121.92
126.11
126.03
121.73
120.65
125.58
122.53
119.23
118.83
119.69
121.44
120.16
117.42
106.26
165.75
165.32
160.98
160.86
155.60
155.44
149.69
149.55
143.72
143.58
137.81
137.65
141.97
149.07
147.67
154.47
153.16
160.08
158.75
166.16
164.57
168.27
170.15
168.19
165.67
163.34
169.77
169.16
165.44
164.36
170.67
167.73
165.56
163.44
166.88
167.97
169.36
163.29
153.00
216.84
216.02
211.09
210.42
204.86
204.20
198.46
197.81
192.04
191.39
185.66
185.00
171.23
179.47
177.70
185.74
183.91
192.07
190.19
199.76
197.70
203.70
205.49
202.81
200.85
197.91
206.04
204.91
201.58
200.32
207.87
205.00
203.38
200.06
205.63
205.98
208.62
200.65
190.76
258.37
257.12
251.97
250.78
245.10
243.93
238.26
237.10
231.42
230.26
224.62
223.45
195.34
204.73
202.59
211.83
209.55
218.93
216.58
227.80
225.36
233.04
234.71
231.61
229.78
226.47
235.90
234.30
231.17
229.60
238.27
235.43
233.93
229.81
237.13
236.70
239.60
230.77
220.97
291.84
290.15
285.07
283.38
277.70
276.05
270.48
268.82
263.25
261.60
256.06
254.40
231.03
242.53
239.68
251.08
248.08
259.60
256.53
269.95
266.93
276.78
278.19
274.72
272.37
268.76
280.02
277.54
274.44
272.04
282.64
279.70
277.66
272.75
282.71
280.80
282.50
273.71
263.79
340.06
337.50
333.01
330.42
324.95
322.39
317.04
314.48
309.13
306.58
301.26
298.70
254.25
267.37
263.92
276.98
273.43
286.60
282.98
297.72
294.23
305.52
306.63
302.97
299.78
295.98
308.55
305.32
301.88
298.65
310.83
307.58
304.62
299.46
311.30
308.14
308.03
300.04
290.20
370.83
367.51
363.75
360.41
355.17
351.86
346.69
343.38
338.20
334.90
329.73
326.42
282.73
297.61
293.18
308.34
303.82
319.05
314.48
330.98
326.46
341.04
341.51
336.66
332.54
327.56
342.86
338.41
333.60
329.14
344.20
339.54
335.38
329.66
344.58
339.97
337.51
330.06
321.71
410.94
406.44
403.28
398.78
393.53
389.05
383.90
379.43
374.25
369.78
364.57
360.09
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HBHBD7 534.83 126.31 131.83 179.11 217.67 248.81 293.51 321.40 355.01
HBHBD7- 590.73 128.75 132.56 179.38 217.30 247.74 291.09 318.02 350.40
HBHBD8 540.23 114.73 125.64 173.43 212.10 243.07 287.01 314.03 345.73
HBHBD8- 596.13 115.79 125.19 173.04 211.54 242.21 285.28 311.37 341.58
HBHBD9 545.63 100.40 118.04 166.66 205.77 236.89 280.50 306.79 336.89
HBHBD9- 601.53 102.83 118.19 165.53 203.68 234.06 276.69 302.32 331.25
C60B 585.05 122.43 106.26 153.00 190.76 220.97 263.79 290.20 321.71
FB2 370.73 137.80 129.65 171.13 205.91 234.84 278.25 306.93 342.03
FB2- 428.79 138.92 128.13 169.17 203.67 232.42 275.53 303.79 337.24
FB3 373.73 141.40 139.44 181.55 216.70 245.82 289.28 317.87 353.28
FB3- 431.79 142.52 137.08 179.55 214.82 243.86 286.79 314.64 348.67
FB4 376.73 145.00 136.27 179.25 215.37 245.53 291.11 321.69 360.71
FB4- 434.79 146.12 135.39 177.66 213.21 242.90 287.78 317.86 355.95
XB 377.53 145.40 142.19 188.73 227.43 259.34 306.64 337.44 375.17
XB- 437.59 149.72 141.30 187.14 225.26 256.69 303.27 333.54 370.34
XB1 382.73 152.20 146.39 194.58 234.57 267.47 316.07 347.58 386.19
XB1- 440.79 153.32 145.49 193.00 232.42 264.85 312.71 343.69 381.35
XB2Q 420.92 168.82 146.50 197.28 239.18 273.47 323.73 356.10 396.20
XB2QR 409.05 157.36 148.74 198.93 240.46 274.53 324.65 357.01 396.78
XB2QR- 469.10 158.48 147.73 197.44 238.51 272.15 321.50 353.23 391.99
XB2QRD 430.96 139.47 144.44 194.62 235.90 269.54 318.50 349.63 387.28
XB2QRD- 489.01 140.59 143.44 193.08 233.87 267.07 315.28 345.80 382.46
XB3Q 448.60 150.18 147.43 199.05 241.51 276.14 326.58 358.69 397.72
XB3Q- 508.65 151.30 146.55 197.47 239.35 273.49 323.20 354.78 392.88
XB3QD 470.51 132.29 143.15 194.70 236.87 271.05 320.35 351.26 388.19
XB3QD- 528.57 133.41 142.25 193.12 234.73 268.44 316.99 347.35 383.33
XB4Q 485.95 143.00 146.39 199.04 242.22 277.31 328.11 360.15 398.56
XB4Q- 546.01 144.12 145.34 197.51 240.23 274.89 324.94 356.35 393.76
XB4QD 507.86 125.11 141.96 194.74 237.74 272.43 322.06 352.80 389.05
XB4QD- 565.92 126.23 141.06 193.17 235.61 269.82 318.70 348.88 384.19
XB5Q 522.21 142.62 143.76 198.09 242.37 278.10 329.29 361.09 399.03
XB5Q- 580.26 143.74 142.72 196.57 240.39 275.69 326.12 357.30 394.23
XB5QD 544.12 124.73 139.10 193.88 238.04 273.29 323.05 353.58 389.82
XB5QD- 602.17 125.85 138.47 192.30 235.76 270.49 319.54 349.52 384.46
C70A 600.05 144.00 127.12 182.27 226.50 261.62 310.86 340.88 376.92
TBHBD1 537.45 199.37 181.81 241.18 289.54 328.64 385.16 421.32 467.61
TBHBD1- 593.35 200.43 181.66 240.52 288.38 326.99 382.61 418.02 463.14
TBHBD2 529.21 181.13 178.35 235.98 283.34 321.94 378.22 414.30 459.66
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TBHBD2-
TBHBD3
TBHBD3-
TBHBD4
TBHBD4-
TBHBD5
TBHBD5-
TBHBD6
TBHBD6-
TBHBD7
TBHBD7-
TBHBD8
TBHBD8-
TBHBD9
TBHBD9-
C70B
585.11
533.58
589.48
537.95
593.85
546.72
602.62
555.49
611.39
559.86
615.76
564.23
620.13
573.00
628.91
600.05
182.19
178.68
179.74
176.24
177.30
160.19
161.25
144.14
145.20
141.69
142.75
139.24
140.30
123.20
124.26
144.00
178.20
171.78
171.49
164.79
164.67
161.93
162.00
155.03
154.85
153.85
153.76
142.88
142.71
137.16
138.95
127.12
235.30
229.00
228.24
223.76
223.26
221.39
221.25
212.02
211.34
209.75
209.10
198.74
198.11
193.18
193.29
182.27
282.15
275.93
274.71
271.38
270.45
269.11
268.61
258.08
256.91
254.54
253.32
243.74
242.62
238.14
236.99
226.50
320.26
314.11
312.42
309.51
308.13'
307.04
306.08
294.96
293.30
290.10
288.32
279.64
278.02
273.85
271.76
261.62
375.66
369.62
367.05
363.85
361.54
360.34
358.37
347.34
344.80
340.10
337.28
330.35
327.80
323.84
320.59
310.86
410.99
405.07
401.76
397.95
394.82
393.01
390.10
379.87
376.58
370.93
367.28
361.57
358.23
354.17
350.23
340.88
455.16
449.66
445.15
440.55
436.15
432.63
428.33
420.23
415.75
409.24
404.51
399.15
394.60
390.86
384.84
376.92
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IFLTHNV 87.74 112.07 56.77 74.94 90.07 102.59 121.42 134.23 151.95
FLTHNV- 145.64 113.13 56.68 74.30 88.89 100.91 118.85 130.92 147.47
BGHIFV 100.25 111.93 64.66 83.09 98.68 111.79 131.84 145.57 163.82
BGHIFV- 158.15 112.99 64.68 82.56 97.63 110.25 129.43 142.43 159.45
CORV 121.19 115.85 69.81 89.19 105.73 119.73 141.27 156.00 175.01
CORV- 179.10 116.91 70.47 87.59 102.48 115.35 135.79 150.36 169.71
COR1V 153.14 121.62 73.83 94.54 112.05 126.76 149.23 164.56 184.83
COR1V- 211.05 122.68 73.67 93.86 110.87 125.09 146.66 161.23 180.33
COR2V 185.10 127.39 78.65 100.99 119.73 135.33 158.87 174.74 195.72
COR2V- 243.00 128.45 78.40 100.28 118.52 133.64 156.28 171.37 191.17
COR3V 217.05 133.17 83.35 107.38 127.36 143.86 168.46 184.84 206.53
COR3V- 274.95 134.23 83.20 106.72 126.20 142.20 165.91 181.54 202.05
COR4V 249.00 138.94 87.82 113.62 134.93 152.40 178.20 195.19 217.65
COR4V- 306.91 140.00 87.73 112.98 133.77 150.75 175.69 191.96 213.25
HBV 279.95 142.95 92.56 120.42 143.14 161.54 188.27 205.56 228.61
HBV- 337.86 144.01 92.42 119.77 141.98 159.89 185.72 202.26 224.12
HB1V 280.61 139.14 95.90 125.40 149.47 168.99 197.35 215.72 240.02
HB1V- 338.52 140.20 95.73 124.73 148.31 167.34 194.80 212.41 235.54
HB2V 281.28 135.32 99.12 130.31 155.77 176.42 206.44 225.88 251.41
HB2V- 339.18 136.38 98.97 129.65 154.61 174.76 203.88 222.57 246.93
HB3V 281.94 131.52 102.31 135.21 162.07 183.86 215.54 236.05 262.78
HB3V- 339.84 132.58 102.17 134.55 160.91 182.20 212.99 232.74 258.30
HB4V 282.60 127.71 105.43 140.07 168.36 191.30 224.66 246.22 274.11
HB4V- 340.50 128.77 105.31 139.43 167.21 189.65 222.10 242.91 269.64
TBV 284.26 125.67 108.78 144.55 173.99 198.04 233.24 256.01 285.23
TBV- 340.16 126.73 108.64 143.89 172.83 196.38 230.69 252.71 280.73
TBlV 305.20 129.59 113.38 149.96 180.22 205.06 241.72 265.60 295.99
TBlV- 363.10 130.65 113.24 149.30 179.05 203.41 239.17 262.30 291.49
TB2V 323.94 133.51 117.90 155.32 186.43 212.09 250.20 275.19 306.75
TB2V- 381.84 134.57 117.75 154.65 185.26 210.43 247.65 271.89 302.25
TB3V 342.68 137.43 122.75 160.79 192.63 219.07 258.65 284.78 317.21
TB3V- 400.59 138.49 122.61 160.14 191.47 217.41 256.09 281.48 312.74
TB4V 361.42 141.34 127.41 166.15 198.79 226.05 267.15 294.41 327.93
TB4V- 419.33 142.40 127.23 165.49 197.63 224.40 264.59 291.10 323.46
FBV 377.96 145.26 132.40 171.94 205.41 233.50 276.08 304.42 338.92
FBV- 435.87 146.32 132.27 171.29 204.25 231.84 273.51 301.10 334.43
FB1V 383.16 148.86 135.64 177.45 212.52 241.70 285.54 314.61 350.77
FBlV- 441.07 149.92 135.83 177.00 211.48 240.12 283.00 311.31 346.23
FB2QRDV 431.39 136.13 133.70 177.29 213.52 243.38 287.59 316.34 351.62
FB2QRDV- 489.29 137.19 133.55 176.63 212.35 241.73 285.04 313.04 347.12
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FB3QDV 470.94 128.95 132.43 177.23 214.29 244.68 289.31 318.00 352.76
FB3QDV- 528.85 130.01 132.29 176.57 213.13 243.03 286.76 314.69 348.26
FB4QDV 508.29 121.76 131.87 178.04 216.02 246.97 291.97 320.44 354.35
FB4QDV- 566.20 122.82 130.95 176.52 213.94 244.39 288.54 316.36 349.38
FB2V 386.16 152.46 140.26 183.78 220.22 250.48 295.79 325.70 362.64
FB2V- 444.07 153.52 139.94 183.05 219.05 248.87 293.33 322.49 358.18
FB3V 389.16 156.06 149.13 192.46 228.76 258.97 304.36 334.58 372.76
FB3V- 447.07 157.12 149.17 191.98 227.76 257.45 301.89 331.30 368.24
FB4V 392.16 159.66 145.14 194.40 234.46 266.82 313.77 344.26 384.75
FB4V- 450.07 160.72 149.29 195.83 234.36 265.99 312.59 342.76 380.05
XBV 392.97 160.06 152.17 200.27 240.33 273.43 322.65 354.93 395.13
XBV- 450.87 164.32 152.00 199.62 239.19 271.80 320.10 351.60 390.57
XB1V 398.17 166.86 162.38 209.48 249.04 282.02 331.71 364.80 406.07
XB1V- 456.07 167.92 153.36 205.27 247.36 281.26 330.17 361.67 403.08
XB2QRDV 446.39 154.13 154.29 206.24 248.99 283.86 334.73 367.25 407.30
XB2QRDV- 504.29 155.19 154.15 205.59 247.83 282.20 332.16 363.91 402.73
XB3QDV 485.94 146.95 151.00 205.83 250.29 286.02 337.08 369.08 408.97
XB3QDV- 543.85 148.01 150.82 205.15 249.11 284.36 334.54 365.79 404.49
XB4QDV 523.30 139.77 151.89 206.31 250.73 286.63 338.20 370.40 409.09
XB4QDV- 581.20 140.83 151.75 205.66 249.57 284.97 335.62 367.04 404.51
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Appendix D: Flat flame modeling results
The following are tabular outputs from the flame code modeling of
Bittner's 0=1.8 flame using Harris's mechanism. (See Chapter 6 for
discussion.) In these tables, X is the height above burner (cm), T is
the temperature (K), V is the gas velocity (cm/s), and RHO is the
density (g/cm3 ), followed by the mole fractions of all the species in
the mechanism. Two solutions sets were obtained, for solution grids A
and B -- both sets of values are reported here.
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Solution A:
X T V RHO H2 H20 Co C02 H202 02 H
0.0000 2.980E+02 5.237E+01 4.173E-05 3.860E-02 1.646E-02 1.976E-02 1.032E-03 2.481E-05 5.098E-01 -3.198E-11
0.0500 3.335E+02 5.901E+01 3.703E-05 4.197E-02 2.199E-02 2.696E-02 1.549E-03 3.405E-05 4.965E-01 -3.387E-11
0.0750 3.512E+02 6.240E+01 3.502E-05 4.366E-02 2.528E-02 3.142E-02 1.904E-03 3.922E-05 4.886E-01 -1.964E-10
0.1000 3.690E+02 6.584E+01 3.319E-05 4.536E-02 2.892E-02 3.648E-02 2.332E-03 4.470E-05 4.798E-01 -4.242E-10
0.1250 3.932E+02 7.049E+01 3.100E-05 4.705E-02 3.289E-02 4.216E-02 2.839E-03 5.037E-05 4.702E-01 -1.285E-09
0.1500 4.174E+02 7.522E+01 2.905E-05 4.873E-02 3.719E-02 4.848E-02 3.432E-03 5.610E-05 4.597E-01 -7.896E-09
0.1750 4.416E+02 8.002E+01 2.731E-05 5.040E-02 4.181E-02 5.548E-02 4.120E-03 6.176E-05 4.484E-01 -1.953E-08
0.1875 4.537E+02 8.246E+01 2.650E-05 5.123E-02 4.425E-02 5.925E-02 4.505E-03 6.449E-05 4.424E-01 -1.050E-08
0.2000 4.658E+02 8.493E+01 2.573E-05 5.207E-02 4.677E-02 6.321E-02 4.918E-03 6.715E-05 4.361E-01 6.602E-09
0.2125 4.901E+02 8.965E+01 2.437E-05 5.289E-02 4.936E-02 6.732E-02 5.356E-03 6.966E-05 4.297E-01 6.221E-08
0.2250 5.143E+02 9.440E+01 2.315E-05 5.370E-02 5.197E-02 7.155E-02 5.814E-03 7.200E-05 4.231E-01 1.856E-07
0.2500 5.629E+02 1.040E+02 2.100E-05 5.527E-02 5.726E-02 8.034E-02 6.793E-03 7.612E-05 4.097E-01 9.156E-07
0.3000 6.600E+02 1.238E+02 1.764E-05 5.829E-02 6.819E-02 9.929E-02 9.008E-03 8.181E-05 3.814E-01 1.121E-05
0.3250 7.460E+02 1.411E+02 1.548E-05 5.971E-02 7.371E-02 1.093E-01 1.024E-02 8.275E-05 3.668E-01 4.547E-05
0.3500 8.319E+02 1.588E+02 1.376E-05 6.102E-02 7.910E-02 1.194E-01 1.151E-02 8.250E-05 3.522E-01 1.115E-04
0.3750 9.179E+02 1.768E+02 1.236E-05 6.225E-02 8.439E-02 1.297E-01 1.283E-02 8.114E-05 3.377E-01 2.041E-04
0.4000 1.004E+03 1.951E+02 1.120E-05 6.342E-02 8.958E-02 1.400E-01 1.420E-02 7.877E-05 3.233E-01 3.198E-04
0.4250 1.092E+03 2.144E+02 1.019E-05 6.454E-02 9.466E-02 1.504E-01 1.561E-02 7.550E-05 3.088E-01 4.584E-04
0.4500 1.180E+03 2.341E+02 9.334E-06 6.563E-02 9.960E-02 1.609E-01 1.706E-02 7.140E-05 2.944E-01 6.205E-04
0.5000 1.304E+03 2.646E+02 8.258E-06 6.775E-02 1.092E-01 1.823E-01 2.013E-02 6.094E-05 2.655E-01 1.014E-03
0.5500 1.422E+03 2.959E+02 7.385E-06 6.983E-02 1.183E-01 2.042E-01 2.341E-02 4.814E-05 2.365E-01 1.567E-03
0.6000 1.502E+03 3.210E+02 6.807E-06 7.185E-02 1.267E-01 2.265E-01 2.689E-02 3.494E-05 2.079E-01 2.323E-03
0.6500 1.579E+03 3.468E+02 6.302E-06 7.376E-02 1.342E-01 2.490E-01 3.057E-02 2.292E-05 1.802E-01 3.342E-03
0.7000 1.651E+03 3.718E+02 5.878E-06 7.551E-02 1.406E-01 2.711E-01 3.437E-02 1.355E-05 1.542E-01 4.631E-03
0.7500 1.705E+03 3.929E +02 5.561E-06 7.710E-02 1.459E-01 2.924E-01 3.821E-02 7.317E-06 1.305E-01 6.122E-03
0.8000 1.752E+03 4.116E+02 5.308E-06 7.856E-02 1.501E-01 3.125E-01 4.204E-02 3.601E-06 1.093E-01 7.723E-03
0.9000 1.822E+03 4.408E +02 4.957E-06 8.132E-02 1.554E-01 3.476E-01 4.946E-02 8.709E-07 7.477E-02 1.090E-02
1.0000 1.866E+03 4.592E+02 4.759E-06 8.432E-02 1.575E-01 3.745E-01 5.611E-02 2.233E-07 5.034E-02 1.334E-02
1.1000 1.890E+03 4.697E+02 4.652E-06 8.750E-02 1.575E-01 3.941E-01 6.186E-02 7.206E-08 3.369E-02 1.492E-02
1.2000 1.900E+03 4.747E+02 4.603E-06 9.064E-02 1.562E-01 4.079E-01 6.675E-02 2.969E-08 2.249E-02 1.582E-02
1.4000 1.897E+03 4.758E+02 4.593E-06 9.610E-02 1.520E-01 4.231E-01 7.419E-02 1.004E-08 1.079E-02 1.627E-02
1.6000 1.887E+03 4.737E+02 4.613E-06 9.964E-02 1.484E-01 4.303E-01 7.893E-02 5.330E-09 5.585E-03 1.618E-02
2.0000 1.847E+03 4.637E+02 4.712E-06 9.964E-02 1.484E-01 4.303E-01 7.893E-02 5.330E-09 5.585E-03 1.618E-02
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x
0.0000
0.0500
0.0750
0.1000
0.1250
0.1500
0.1750
0.1875
0.2000
0.2125
0.2250
0.2500
0.3000
0.3250
0.3500
0.3750
0.4000
0.4250
0.4500
0.5000
0.5500
0.6000
0.6500
0.7000
0.7500
0.8000
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
0
1.705E-08
2.094E-08
3.105E-08
4.970E-08
8.187E-08
1.204E-07
1.790E-07
2.889E-07
4.350E-07
7.151E-07
1.058E-06
2.011 E-06
5.893E-06
1.078E-05
1.854E-05
3.029E-05
4.695E-05
6.881E-05
9.509E-05
1.551E-04
2.233E-04
2.916E-04
3.634E-04
4.339E-04
4.943E-04
5.406E-04
5.866E-04
5.660E-04
5.050E-04
4.297E-04
3.009E-04
2.218E-04
2.218E-04
OH
1.495E-09
1.844E-09
2.668E-09
4.309E-09
7.385E-09
7.371E-09
1.420E-09
3.740E-08
9.124E-08
2.612E-07
5.083E-07
1.437E-06
7.703E-06
1.876E-05
3.614E-05
6.026E-05
9.223E-05
1.338E-04
1.868E-04
3.296E-04
5.333E-04
7.954E-04
1.121E-03
1.492E-03
1.857E-03
2.175E-03
2.582E-03
2.667E-03
2.576E-03
2.411E-03
2.058E-03
1.815E-03
1.815E-03
H02
3.512E-05
4.809E-05
5.713E-05
6.812E-05
8.132E-05
9.681E-05
1. 149E-04
1.256E-04
1.373E-04
1.494E-04
1.625E-04
1.919E-04
2.657E-04
3.066E-04
3.45 1E-04
3.815E-04
4.175E-04
4.539E-04
4.903E-04
5.589E-04
6.047E-04
6.121E-04
5.758E-04
5.028E-04
4.102E-04
3.163E-04
1.65 1E-04
8.127E-05
3.941E-05
1.899E-05
5.024E-06
1.594E-06
1.594E-06
CH20
6.437E-05
9.686E-05
1. 191E-04
1.457E-04
1.771E-04
2.137E-04
2.558E-04
2.793E-04
3.043E-04
3.308E-04
3.584E-04
4.168E-04
5.455E-04
6.065E-04
6.582E-04
6.987E-04
7.290E-04
7.514E-04
7.687E-04
7.963E-04
8.195E-04
8.43 1E-04
8.630E-04
8.738E-04
8.702E-04
8.474E-04
7.446E-04
6.024E-04
4.647E-04
3.515E-04
2.058E-04
1.341E-04
1.341E-04
CH4
1.633E-04
2.176E-04
2.502E-04
2.867E-04
3.270E-04
3.711E-04
4.192E-04
4.448E-04
4.716E-04
4.992E-04
5.273E-04
5.852E-04
7.070E-04
7.675E-04
8.244E-04
8.765E-04
9.238E-04
9.662E-04
1.004E-03
1.068E-03
1.1 14E-03
1. 140E-03
1.144E-03
1. 126E-03
1.092E-03
1.048E-03
9.446E-04
8.577E-04
7.929E-04
7.456E-04
6.818E-04
6.390E-04
6.390E-04
C2H4
1.889E-05
2.799E-05
3.412E-05
4.144E-05
5.004E-05
6.OOOE-05
7.147E-05
7.783E-05
8.464E-05
9.183E-05
9.932E-05
1. 152E-04
1.509E-04
1.703E-04
1.904E-04
2.113E-04
2.33 1E-04
2.552E-04
2.764E-04
3.121E-04
3.396E-04
3.597E-04
3.709E-04
3.737E-04
3.726E-04
3.717E-04
3.759E-04
3.770E-04
3.639E-04
3.383E-04
2.700E-04
-2.182E-04
2.182E-04
C2H2
1.267E-03
1.848E-03
2.235E-03
2.693E-03
3.228E-03
3.847E-03
4.559E-03
4.954E-03
5.377E-03
5.837E-03
6.317E-03
7.340E-03
9.654E-03
1.096E-02
1.235E-02
1.383E-02
1.540E-02
1.707E-02
1.884E-02
2.273E-02
2.707E-02
3.134E-02
3.502E-02
3.777E-02
3.935E-02
3.965E-02
3.658E-02
3.098E-02
2.53 1E-02
2.061E-02
1.446E-02
1. 108E-02
1.108E-02
C2H6
1.814E-05
2.762E-05
3.405E-05
4.173E-05
5.072E-05
6.101E-05
7.261E-05
7.886E-05
8.539E-05
9.206E-05
9.876E-05
1. 121E-04
1.374E-04
1.467E-04
1.535E-04
1.576E-04
1.592E-04
1.584E-04
1.555E-04
1.447E-04
1.278E-04
1.072E-04
8.424E-05
6.168E-05
4.328E-05
2.990E-05
1.583E-05
1.016E-05
7.55 1E-06
6.284E-06
5.180E-06
4.666E-06
4.666E-06
C3H4
6.947E-12
1.132E-11
4.066E-1 1
1.970E-10
1.642E-09
1.391E-08
9.987E-08
2.922E-07
7.276E-07
1.677E-06
3.449E-06
1.061E-05
5.023E-05
9.669E-05
1.573E-04
2.286E-04
3.069E-04
3.889E-04
4.718E-04
6.361E-04
7.773E-04
8.642E-04
8.489E-04
7.221E-04
5.75 1E-04
4.441E-04
2.694E-04
1.726E-04
1. 178E-04
8.816E-05
6.041E-05
4.721E-05
4.721 E-05
-277-
C3H6
-6.452E-07
-1.083E-06
-1.43 1E-06
-1.884E-06
-2.462E-06
-3.180E-06
-4.004E-06
-4.434E-06
-4.945E-06
-3.047E-06
-1.075E-06
2.825E-06
8.361E-06
9.566E-06
1.040E-05
1. 107E-05
1. 151E-05
1.175E-05
1.181E-05
1. 152E-05
1.071E-05
9.466E-06
7.790E-06
5.861E-06
4.034E-06
2.576E-06
9.797E-07
4.139E-07
2.171E-07
1.435E-07
1.006E-07
8.596E-08
8.596E-08
x
0.0000
0.0500
0.0750
0.1000
0.1250
0.1500
0.1750
0.1875
0.2000
0.2125
0.2250
0.2500
0.3000
0.3250
0.3500
0.3750
0.4000
0.4250
0.4500
0.5000
0.5500
0.6000
0.6500
0.7000
0.7500
0.8000
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
C4H8
7.308E-06
1.319E-05
1.812E-05
2.466E-05
3.312E-05
4.371E-05
5.664E-05
6.400E-05
7.193E-05
8.025E-05
8.883E-05
1.064E-04
1.404E-04
1.510E-04
1.559E-04
1.539E-04
1.445E-04
1.274E-04
1.027E-04
3.877E-05
5.99 1E-06
1.473E-06
4.933E-07
1.709E-07
6.719E-08
2.723E-08
6.017E-09
2.058E-09
9.792E-10
6.222E-10
4.114E-10
3.415E-10
3.415E-10
C4H6 C4H4
3.880E-06 -3.412E-06
6.982E-06 -6.117E-06
-8.647E-06 9.626E-06
-1.838E-05 1.957E-05
-2.306E-05 2.457E-05
-2.577E-05 2.773E-05
-2.602E-05 2.857E-05
-2.565E-05 2.856E-05
-2.516E-05 2.849E-05
-2.465E-05 2.771E-05
-2.414E-05 2.694E-05
-2.313E-05 2.535E-05
-2.093E-05 2.179E-05
-1.970E-05 1.983E-05
-1.843E-05 1.789E-05
-1.717E-05 1.603E-05
-1.593E-05 1.424E-05
-1.470E-05 1.254E-05
-1.350E-05 1.099E-05
-1.115E-05 8.404E-06
-8.969E-06 6.63 1E-06
-6.894E-06 5.602E-06
-4.942E-06 5.080E-06
-3.208E-06 4.690E-06
-1.833E-06 4.108E-06
-8.883E-07 3.333E-06
-1.423E-07 1.664E-06
-1.484E-08 7.132E-07
-8.576E-10 3.061E-07
2.622E-10 1.414E-07
2.303E-10 5.106E-08
1.809E-10 2.581E-08
1.809E-10 2.581E-08
C4H2
6.55 1E-05
1. 170E-04
1.629E-04
2.238E-04
3.056E-04
4.283E-04
5.766E-04
6.226E-04
6.710E-04
6.850E-04
6.993E-04
7.15 1E-04
6.254E-04
5.463E-04
5.759E-04
6.788E-04
8.317E-04
1.031E-03
1.264E-03
1.659E-03
2.087E-03
2.363E-03
2.534E-03
2.554E-03
2.403E-03
2.160E-03
1.546E-03
1.051E-03
7.068E-04
4.745E-04
2.3 1OE-04
1. 198E-04
1. 198E-04
Al
1.298E-01
1.289E-01
1.283E-01
1.276E-01
1.268E-01
1.257E-01
1.245E-01
1.237E-01
1.229E-01
1.220E-01
1.211E-01
1.190E-01
1.138E-01
1.107E-01
1.073E-01
1.035E-01
9.943E-02
9.496E-02
9.016E-02
7.947E-02
6.752E-02
5.508E-02
4.303E-02
3.225E-02
2.327E-02
1.621E-02
7.266E-03
3.028E-03
1.207E-03
4.537E-04
8.966E-05
1.778E-05
1.778E-05
A1C2H
1.710E-10
3.661E-10
1.282E-09
1.296E-09
7.443E-10
4.388E-09
-2.744E-09
-2.454E-08
-5.081E-08
3.240E-05
6.667E-05
1.407E-04
3.047E-04
3.815E-04
4.497E-04
5.073E-04
5.525E-04
5.836E-04
5.986E-04
5.768E-04
4.807E-04
3.500E-04
2.288E-04
1.399E-04
8.207E-05
4.659E-05
1.540E-05
4.963E-06
1.594E-06
5.003E-07
9.135E-08
2.867E-08
2.867E-08
A1C2H3
3.179E-1 1
6.874E-1 1
2.019E-10
1.826E-10
9.093E-1 1
4.521E-10
-2.721E-10
-6.876E-10
-1.657E-08
1.034E-06
2.227E-06
5.060E-06
1.259E-05
1.631E-05
1.920E-05
2.105E-05
2.195E-05
2.209E-05
2.163E-05
1.934E-05
1.550E-05
1. 129E-05
7.538E-06
4.704E-06
2.799E-06
1.598E-06
5.220E-07
1.663E-07
5.298E-08
1.637E-08
2.491E-09
3.915E-10
3.915E-10
A2
3.640E-08
8.394E-08
1.605E-07
2.952E-07
5.234E-07
8.965E-07
1.491E-06
1.914E-06
2.439E-06
3.077E-06
3.839E-06
5.779E-06
1.174E-05
1.634E-05
2.188E-05
2.829E-05
3.539E-05
4.289E-05
5.046E-05
6.481E-05
7.393E-05
7.435E-05
6.548E-05
5.152E-05
3.754E-05
2.585E-05
1.087E-05
4.162E-06
1.512E-06
5.173E-07
9.135E-08
1.766E-08
1.766E-08
A2R5
4.805E-09
1. 139E-08
2.258E-08
4.254E-08
7.661E-08
1.323E-07
2.204E-07
2.824E-07
3.584E-07
4.497E-07
5.571E-07
8.235E-07
1.592E-06
2.117E-06
2.713E-06
3.369E-06
4.071E-06
4.795E-06
5.518E-06
6.907E-06
7.973E-06
8.564E-06
8.694E-06
8.564E-06
8.360E-06
8.150E-06
7.781E-06
7.496E-06
7.269E-06
7.084E-06
6.791E-06
6.566E-06
6.566E-06
HCO
7.366E-10
1 .105E-09
1.709E-09
2.748E-09
5.812E-09
8.079E-09
-5.332E-09
6.889E-09
-2.201E-08
2.562E-08
4.180E-08
9.548E-08
4.887E-07
1.1 16E-06
2.043E-06
3.382E-06
5.344E-06
8.186E-06
1.217E-05
2.442E-05
4.429E-05
7.281E-05
1.090E-04
1.477E-04
1.816E-04
2.045E-04
2.116E-04
1.856E-04
1.489E-04
1.135E-04
6.352E-05
3.865E-05
3.865E-05
278-
x
0.0000
0.0500
0.0750
0.1000
0.1250
0.1500
0.1750
0.1875
0.2000
0.2125
0.2250
0.2500
0.3000
0.3250
0.3500
0.3750
0.4000
0.4250
0.4500
0.5000
0.5500
0.6000
0.6500
0.7000
0.7500
0.8000
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
CH3
1.953E-06
2.598E-06
3.335E-06
4.455E-06
6.128E-06
8.591E-06
1.220E-05
1.466E-05
1.767E-05
2.137E-05
2.585E-05
3.760E-05
7.707E-05
1. 124E-04
1.591E-04
2.187E-04
2.916E-04
3.778E-04
4.766E-04
7.077E-04
9.637E-04
1.241E-03
1.541E-03
1.843E-03
2.128E-03
2.377E-03
2.741E-03
2.894E-03
2.890E-03
2.797E-03
2.497E-03
2.244E-03
2.244E-03
CH2CO
6.843E-05
1.089E-04
1.385E-04
1.751E-04
2.198E-04
2.733E-04
3.366E-04
3.724E-04
4.111E-04
4.523E-04
4.957E-04
5.887E-04
7.995E-04
9.172E-04
1.041E-03
1. 173E-03
1.315E-03
1.470E-03
1.639E-03
2.030E-03
2.504E-03
3.050E-03
3.645E-03
4.23 1E-03
4.733E-03
5.088E-03
5.244E-03
4.760E-03
4.004E-03
3.244E-03
2.094E-03
1.457E-03
1.457E-03
CH2
8.897E-18
1.176E-17
7.556E-17
5.499E-16
4.991E-15
-1.985E-14
-3.028E-13
7.258E-13
5.036E-12
4.379E-11
2.552E-10
3.797E-09
8.988E-08
3.658E-07
9.018E-07
1.740E-06
2.977E-06
4.782E-06
7.39 1E-06
1.592E-05
3.192E-05
5.875E-05
1.019E-04
1.651E-04
2.471E-04
3.433E-04
5.484E-04
6.979E-04
7.646E-04
7.650E-04
6.654E-04
5.715E-04
5.715E-04
HCCO
1.992E-04
2.616E-04
2.984E-04
3.392E-04
3.839E-04
4.323E-04
4.846E-04
5.124E-04
5.413E-04
5.711 E-04
6.014E-04
6.634E-04
7.938E-04
8.624E-04
9.337E-04
1.011E-03
1.096E-03
1.191E-03
1.295E-03
1.530E-03
1.784E-03
2.028E-03
2.236E-03
2.380E-03
2.435E-03
2.398E-03
2.079E-03
1.605E-03
1.15 1E-03
7.919E-04
3.827E-04
2.096E-04
2.096E-04
C2H
6.742E-12
9.797E-12
2.216E-1 1
1.493E-10
2.345E-09
2.862E-09
-2.628E-08
-7.037E-09
-8.072E-08
3.631E-12
9.082E-12
3.3 14E-1 1
4.306E-10
2.913E-09
1.456E-08
5.433E-08
1.539E-07
3.504E-07
6.729E-07
1.702E-06
3.788E-06
7.482E-06
1.464E-05
2.664E-05
3.987E-05
5.133E-05
5.740E-05
4.718E-05
3.496E-05
2.529E-05
1.453E-05
9.573E-06
9.573E-06
C2H5
2.648E-08
4.018E-08
5.365E-08
7.365E-08
1.034E-07
1.486E-07
2.183E-07
2.684E-07
3.3 1OE-07
4.089E-07
5.059E-07
7.722E-07
1.759E-06
2.680E-06
3.795E-06
4.843E-06
5.196E-06
4.279E-06
2.679E-06
1.001E-06
4.876E-07
3.725E-07
2.823E-07
2.047E-07
1.530E-07
1. 147E-07
7.225E-08
5.299E-08
4.286E-08
3.708E-08
2.970E-08
2.522E-08
2.522E-08
C2H3
-5.345E-18
-7.825E-18
-1.094E-16
-5.775E-16
-1.211E-14
-4.805E-13
-4.140E-12
-3.119E-12
6.699E-12
1.165E-10
7.592E-10
1. 120E-08
2.214E-07
6.743E-07
1.220E-06
1.742E-06
2.212E-06
2.617E-06
2.982E-06
3.850E-06
4.300E-06
4.872E-06
5.157E-06
5.265E-06
5.468E-06
5.610E-06
5.781E-06
5.722E-06
5.432E-06
5.014E-06
4.005E-06
3.256E-06
3.256E-06
C3H2
3.156E-05
4.768E-05
5.886E-05
7.241E-05
8.859E-05
1.077E-04
1.300E-04
1.425E-04
1.560E-04
1.704E-04
1.855E-04
2.181E-04
2.924E-04
3.350E-04
3.819E-04
4.352E-04
4.964E-04
5.663E-04
6.44 1E-04
8.193E-04
1.009E-03
1. 184E-03
1.322E-03
1.406E-03
1.430E-03
1.412E-03
1.314E-03
1.211E-03
1.077E-03
9.073E-04
5.821E-04
3.798E-04
3.798E-04
C3H3
4.089E-06
6.645E-06
8.936E-06
1.212E-05
1.647E-05
2.233E-05
3.018E-05
3.508E-05
4.073E-05
4.713E-05
5.433E-05
7.127E-05
1. 174E-04
1.491E-04
1.866E-04
2.3 1OE-04
2.842E-04
3.479E-04
4.247E-04
6.270E-04
9.368E-04
1.406E-03
2.090E-03
2.943E-03
3.754E-03
4.374E-03
4.817E-03
4.367E-03
3.583E-03
2.842E-03
1.825E-03
1.279E-03
1.279E-03
-279-
C3H5
1.676E-05
2.767E-05
3.645E-05
4.800E-05
6.294E-05
8.197E-05
1.061E-04
1.204E-04
1.364E-04
1.513E-04
1.670E-04
2.OOOE-04
2.65 1E-04
2.874E-04
3.046E-04
3.200E-04
3.370E-04
3.581E-04
3.853E-04
4.519E-04
4.823E-04
4.615E-04
3.940E-04
2.899E-04
1.906E-04
1. 169E-04
4.723E-05
2.358E-05
1.418E-05
1.020E-05
7.330E-06
6.182E-06
6.182E-06
C4H3S C4Hx
0.0000
0.0500
0.0750
0.1000
0.1250
0.1500
0.1750
0.1875
0.2000
0.2125
0.2250
0.2500
0.3000
0.3250
0.3500
0.3750
0.4000
0.4250
0.4500
0.5000
0.5500
0.6000
0.6500
0.7000
0.7500
0.8000
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
C3H7U
2.127E-09
3.578E-09
5.009E-09
7.127E-09
1.026E-08
1.492E-08
2.200E-08
2.701E-08
3.319E-08
4.069E-08
4.961E-08
7.210E-08
1.367E-07
1.546E-07
1.328E-07
6.477E-08
1.784E-08
4.826E-09
1.625E-09
4.532E-10
1.745E-10
1.132E-10
7.371E-1 1
4.667E-1 1
2.985E-1 1
1.812E-1 1
6.505E-12
2.662E-12
1.376E-12
9.179E-13
6.727E-13
6.006E-13
6.006E-13
C6H5U C8H5U Al-C3H7S
2.892E-10
4.865E-10
6.825E-10
9.735E-10
1.405E-09
2.052E-09
3.03 1E-09
3.716E-09
4.567E-09
5.619E-09
6.926E-09
1.051E-08
2.280E-08
2.437E-08
1.490E-08
5.236E-09
1.773E-09
6.698E-10
2.848E-10
1.125E-10
5.261E-11
3.504E-1 1
2.282E-1 1
1.433E-11
9.068E-12
5.450E-12
1.931E-12
7.859E-13
4.055E-13
2.706E-13
1.987E-13
1.777E-13
1.777E-13
C4H7U
-2.688E-19
-4.844E-19
-3.444E-18
-2.448E-17
-2.523E-16
6.094E-16
-1.953E-13
1.019E-10
-8.397E-09
-8.189E-1 1
5.845E-12
6.470E-11
3.059E-09
2.757E-08
9.724E-08
1.527E-07
1. 148E-07
5.713E-08
2.535E-08
5.262E-09
5.177E-10
1.047E-10
2.674E-1 1
5.269E-12
4.251E-13
-4.128E-13
-4.135E-14
7.688E-14
5.599E-14
3.867E-14
2.659E-14
2.274E-14
2.274E-14
C4H5U
2.497E-08
4.485E-08
6.261E-08
8.711E-08
1.202E-07
1.639E-07
2.211E-07
2.563E-07
2.962E-07
3.407E-07
3.896E-07
4.997E-07
7.543E-07
8.03 1E-07
6.840E-07
3.472E-07
7.587E-08
1.207E-08
2.887E-09
6.496E-10
2.096E-10
1.217E-10
7.817E-11
5.446E-1 1
4.191E-11
3.182E-11
1.676E-11
8.823E-12
4.980E-12
3.098E-12
1.586E-12
9.942E-13
9.942E-13
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C4H3U
1. 123E-08
2.010E-08
4.886E-08
1.152E-07
2.693E-07
6.175E-07
1.409E-06
2.216E-06
3.422E-06
5.253E-06
7.903E-06
1.658E-05
5.877E-05
1.187E-04
2.157E-04
3.650E-04
5.801E-04
8.720E-04
1.250E-03
2.294E-03
3.696E-03
4.654E-03
4.698E-03
3.994E-03
3.036E-03
2.113E-03
8.056E-04
2.756E-04
9.621E-05
3.519E-05
8.175E-06
2.539E-06
2.539E-06
6.317E-06
1. 130E-05
1.571E-05
2.178E-05
2.991E-05
4.060E-05
5.445E-05
6.287E-05
7.236E-05
8.293E-05
9.451E-05
1.209E-04
1.877E-04
2.302E-04
2.790E-04
3.365E-04
4.056E-04
4.902E-04
5.945E-04
8.795E-04
1.333E-03
1.944E-03
2.538E-03
2.765E-03
2.470E-03
1.893E-03
7.764E-04
2.708E-04
9.452E-05
3.43 1E-05
7.882E-06
2.416E-06
2.416E-06
-3.284E-07
-5.853E-07
-2.309E-06
-3.596E-06
-6.870E-06
-2.901E-05
-5.078E-05
-2.221E-05
1.193E-05
6.613E-05
1.268E-04
2.817E-04
8.050E-04
1. 159E-03
1.437E-03
1.676E-03
1.902E-03
2.121E-03
2.349E-03
3.032E-03
3.895E-03
5.021E-03
6.132E-03
7.016E-03
7.534E-03
7.575E-03
6.406E-03
4.730E-03
3.278E-03
2.213E-03
1.051E-03
5.322E-04
5.322E-04
2.709E-15
5.358E-15
1.495E-14
4.045E-14
1.064E-13
2.738E-13
7.OOOE-13
1.164E-12
1.901E-12
3.010E-12
4.668E-12
1.038E-11
4.076E-1 1
7.872E-1 1
1.270E-10
1.713E-10
1.978E-10
2.056E-10
2.117E-10
3.269E-10
5.917E-10
7.618E-10
7.656E-10
6.687E-10
5.474E-10
4.255E-10
2.255E-10
1.051E-10
4.479E-1 1
1.733E-11
3.367E-12
6.489E-13
6.489E-13
7.505E-17
1.582E-16
5.086E-16
1.569E-15
4.699E-15
1.423E-14
4.131E-14
6.827E-14
1.107E-13
1.648E-13
2.412E-13
4.729E-13
1.249E-12
1.943E-12
3.297E-12
5.766E-12
9.598E-12
1.468E-1 1
2.073E-1 1
3.879E-1 1
6.681E-11
7.656E-1 1
6.449E-1 1
4.440E-1 1
2.764E-1 1
1.588E-11
4.530E-12
1.290E-12
3.862E-13
1. 162E-13
1.923E-14
5.421E-15
5.421E-15
1.921E-05
3.686E-05
5.458E-05
8.038E-05
1.169E-04
1.673E-04
2.354E-04
2.781E-04
3.271E-04
3.559E-04
3.901E-04
4.749E-04
7.149E-04
8.690E-04
1.040E-03
1.225E-03
1.418E-03
1.605E-03
1.760E-03
1.861E-03
1.425E-03
8.384E-04
4.116E-04
1.983E-04
1.076E-04
6.054E-05
2.046E-05
7.282E-06
2.672E-06
9.754E-07
1.946E-07
3.989E-08
3.989E-08
X A1C2H* A1C2H- A1C2HC2H2U A2R5- A2-X AR
0.0000 3.655E-17 7.302E-08 6.031E-23 9.889E-12 2.037E-09 2.825E-01
0.0500 7.819E-17 1.562E-07 1.390E-22 2.342E-11 4.695E-09 2.792E-01
0.0750 1.158E-15 2.622E-07 2.363E-21 4.725E-11 9.327E-09 2.773E-01
0.1000 9.437E-15 4.324E-07 2.208E-20 9.039E-11 1.776E-08 2.752E-01
0.1250 7.660E-14 6.953E-07 2.017E-19 1.654E-10 3.268E-08 2.729E-01
0.1500 6.087E-13 1.084E-06 1.799E-18 2.910E-10 5.831E-08 2.705E-01
0.1750 4.767E-12 1.635E-06 1.578E-17 4.953E-10 1.015E-07 2.678E-01
0.1875 1.757E-11 1.980E-06 6.153E-17 6.435E-10 1.341E-07 2.665E-01
0.2000 5.458E-11 2.371E-06 2.021E-16 8.285E-10 1.757E-07 2.650E-01
0.2125 1.648E-10 2.797E-06 6.294E-16 1.056E-09 2.282E-07 2.636E-01
0.2250 4.492E-10 3.243E-06 1.769E-15 1.330E-09 2.93 1E-07 2.621E-01
0.2500 2.156E-09 4.162E-06 9.016E-15 2.037E-09 4.667E-07 2.592E-01
0.3000 2.124E-08 5.696E-06 9.964E-14 4.296E-09 1.046E-06 2.532E-01
0.3250 7.305E-08 6.078E-06 3.443E-13 6.391E-09 1.535E-06 2.502E-01
0.3500 1.774E-07 6.588E-06 8.444E-13 9.556E-09 2.163E-06 2.473E-01
0.3750 3.584E-07 7.526E-06 1.732E-12 1.452E-08 2.965E-06 2.444E-01
0.4000 6.406E-07 8.913E-06 3.164E-12 2.211E-08 3.959E-06 2.417E-01
0.4250 1.044E-06 1.054E-05 5.378E-12 3.308E-08 5.119E-06 2.390E-01
0.4500 1.562E-06 1.201E-05 9.112E-12 4.782E-08 6.362E-06 2.363E-01
0.5000 2.726E-06 1.316E-05 2.856E-1 1 8.733E-08 8.724E-06 2.312E-01
0.5500 3.959E-06 9.207E-06 1.031E-10 1.381E-07 9.605E-06 2.263E-01
0.6000 4.932E-06 4.570E-06 2.043E-10 1.863E-07 7.940E-06 2.216E-01
0.6500 5.645E-06 1.738E-06 2.582E-10 2.290E-07 4.512E-06 2.174E-01
0.7000 5.302E-06 6.184E-07 2.024E-10 2.639E-07 1.806E-06 2.137E-01
0.7500 4.017E-06 2.498E-07 1.239E-10 2.884E-07 6.953E-07 2.106E-01
0.8000 2.741E-06 1.056E-07 7.120E-11 3.066E-07 2.822E-07 2.080E-01
0.9000 1.150E-06 2.288E-08 2.349E-11 3.311E-07 6.023E-08 2.044E-01
1.0000 4.356E-07 5.903E-09 7.744E-12 3.436E-07 1.615E-08 2.024E-01
1.1000 1.564E-07 1.699E-09 2.602E-12 3.464E-07 4.966E-09 2.012E-01
1.2000 5.316E-08 5.118E-10 8.865E-13 3.390E-07 1.665E-09 2.005E-01
1.4000 1.095E-08 9.322E-11 2.045E-13 3.104E-07 4.060E-10 2.000E-01
1.6000 4.169E-09 2.988E-11 9.263E-14 2.847E-07 1.973E-10 1.998E-01
2.0000 4.169E-09 2.988E-11 9.263E-14 2.847E-07 1.973E-10 1.998E-01
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Solution B:
x
0.0000
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.4250
0.4500
0.4750
0.5000
0.5500
0.5750
0.6000
0.6250
0.6500
0.7000
0.7500
0.8000
0.8500
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
T
2.980E+02
3.335E+02
3.690E+02
4.174E+02
4.658E+02
5.629E+02
6.600E+02
8.319E+02
1.004E+03
1.092E+03
1.180E+03
1.242E+03
1.304E+03
1.422E+03
1.462E+03
1.502E+03
1.541E+03
1.579E+03
1.651E+03
1.705E+03
1.752E+03
1.787E+03
1.822E+03
1.866E+03
1.890E+03
1.900E+03
1.897E+03
1.887E+03
1.847E+03
V
5.245E+01
5.915E+01
6.604E+01
7.550E+01
8.531E+01
1.046E+02
1.245E+02
1.597E+02
1.963E+02
2.156E+02
2.354E+02
2.505E+02
2.660E +02
2.973E+02
3.096E+02
3.222E+02
3.349E+02
3.477E+02
3.724E+02
3.933E+02
4.117E+02
4.266E+02
4.406E+02
4.588E+02
4.695E+02
4.747E+02
4.762E+02
4.745E+02
4.644E+02
RHO
4.166E-05
3.694E-05
3.309E-05
2.894E-05
2.561E-05
2.090E-05
1.755E-05
1.368E-05
1.113E-05
1.013E-05
9.281E-06
8.723E-06
8.214E-06
7.350E-06
7.058E-06
6.78 1E-06
6.525E-06
6.284E-06
5.868E-06
5.556E-06
5.307E-06
5.122E-06
4.960E-06
4.763E-06
4.654E-06
4.603E-06
4.589E-06
4.605E-06
4.705E-06
H2
3.855E-02
4.192E-02
4.530E-02
4.866E-02
5.198E-02
5.519E-02
5.821E-02
6.093E-02
6.33 1E-02
6.443E-02
6.550E-02
6.657E-02
6.761E-02
6.967E-02
7.068E-02
7.167E-02
7.263E-02
7.356E-02
7.531E-02
7.690E-02
7.837E-02
7.979E-02
8.121E-02
8.424E-02
8.745E-02
9.061E-02
9.611E-02
9.969E-02
9.969E-02
H20
1.802E-02
2.407E-02
3.134E-02
3.981E-02
4.943E-02
5.980E-02
7.056E-02
8.127E-02
9.157E-02
9.655E-02
1.014E-01
1.061E-01
1.108E-01
1. 197E-01
1.238E-01
1.278E-01
1.315E-01
1.350E-01
1.412E-01
1.463E-01
1.503E-01
1.532E-01
1.553E-01
1.572E-01
1.572E-01
1.560E-01
1.520E-01
1.488E-01
1.488E-01
CO
2.3 1OE-02
3.152E-02
4.204E-02
5.486E-02
7.012E-02
8.748E-02
1.065E-01
1.265E-01
1.468E-01
1.570E-01
1.673E-01
1.777E-01
1.883E-01
2.097E-01
2.205E-01
2.313E-01
2.422E-01
2.530E-01
2.744E-01
2.949E-01
3.142E-01
3.318E-01
3.476E-01
3.735E-01
3.926E-01
4.063E-01
4.216E-01
4.292E-01
4.292E-01
C02
1.437E-03
2.158E-03
3.140E-03
4.436E-03
6.094E-03
8.103E-03
1.043E-02
1.300E-02
1.573E-02
1.716E-02
1.863E-02
2.014E-02
2.170E-02
2.497E-02
2.667E-02
2.841E-02
3.020E-02
3.202E-02
3.572E-02
3.944E-02
4.312E-02
4.669E-02
5.010E-02
5.634E-02
6.170E-02
6.620E-02
7.283E-02
7.696E-02
7.696E-02
H202
2.637E-05
3.618E-05
4.700E-05
5.811 E-05
6.858E-05
7.694E-05
8.200E-05
8.244E-05
7.853E-05
7.518E-05
7.099E-05
6.603E-05
6.037E-05
4.742E-05
4.085E-05
3.439E-05
2.826E-05
2.265E-05
1.344E-05
7.329E-06
3.730E-06
1.809E-06
8.273E-07
2.258E-07
7.597E-08
3.212E-08
1.139E-08
6.057E-09
6.057E-09
02
5.055E-01
4.906E-01
4.728E-01
4.519E-01
4.280E-01
4.016E-01
3.736E-01
3.449E-01
3.164E-01
3.022E-01
2.881E-01
2.740E-01
2.598E-01
2.315E-01
2.175E-01
2.037E-01
1.901E-01
1.768E-01
1.516E-01
1.285E-01
1.079E-01
8.995E-02
7.455E-02
5.090E-02
3.456E-02
2.346E-02
1.18 1E-02
6.464E-03
6.464E-03
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H
-5.280E-1 1
-5.592E-1 1
-3.089E-10
-7.782E-09
-3.619E-08
6.732E-07
9.778E-06
1.050E-04
3.216E-04
4.681E-04
6.391E-04
8.315E-04
1.059E-03
1.633E-03
1.993E-03
2.415E-03
2.902E-03
3.457E-03
4.763E-03
6.265E-03
7.872E-03
9.469E-03
1.097E-02
1.342E-02
1.504E-02
1.598E-02
1.650E-02
1.646E-02
1.646E-02
X 0 OH H02 CH20 CH4 C2H4 C2H2 C2H6 C3H4 C3H6
0.0000 1.403E-08 1.090E-09 3.909E-05 7.795E-05 1.766E-04 2.483E-05 1.524E-03 2.378E-05 1.437E-11 -8.299E-07
0.0500 1.723E-08 1.344E-09 5.352E-05 1. 173E-04 2.353E-04 3.679E-05 2.222E-03 3.620E-05 2.342E- 11 -1.392E-06
0.1000 4.093E-08 3.709E-09 7.406E-05 1.707E-04 3.068E-04 5.288E-05 3.155E-03 5.291E-05 1.046E-09 -2.246E-06
0.1500 9.801E-08 9.762E-09 1.022E-04 2.405E-04 3.918E-04 7.385E-05 4.371E-03 7.434E-05 4.897E-08 -3.488E-06
0.2000 1.529E-07 -2.457E-08 1.389E-04 3.290E-04 4.906E-04 1.004E-04 5.926E-03 1.001E-04 1.078E-06 -4.970E-06
0.2500 1.757E-06 1.11OE-06 1.948E-64 4.349E-04 6.004E-04 1.323E-04 7.887E-03 1.271E-04 1.252E-05 2.569E-06
0.3000 5.916E-06 7.484E-06 2.714E-04 5.538E-04 7.173E-04 1.687E-04 1.018E-02 1.511E-04 5.920E-05 8.114E-06
0.3500 1.792E-05 3.564E-05 3.575E-04 6.638E-04 8.316E-04 2.085E-04 1.279E-02 1.654E-04 1.728E-04 1.023E-05
0.4000 4.612E-05 9.418E-05 4.304E-04 7.329E-04 9.283E-04 2.512E-04 1.573E-02 1.691E-04 3.280E-04 1.161E-05
0.4250 6.842E-05 1.382E-04 4.655E-04 7.555E-04 9.693E-04 2.730E-04 1.733E-02 1.673E-04 4.107E-04 1. 194E-05
0.4500 9.542E-05 1.937E-04 4.995E-04 7.727E-04 1.006E-03 2.937E-04 1.902E-02 1.633E-04 4.939E-04 1.206E-05
0.4750 1.252E-04 2.617E-04 5.311E-04 7.870E-04 1.038E-03 3.119E-04 2.081E-02 1.577E-04 5.761E-04 1.202E-05
0.5000 1.578E-04 3.441E-04 5.586E-04 7.992E-04 1.065E-03 3.275E-04 2.272E-02 1.503E-04 6.550E-04 1.182E-05
0.5500 2.285E-04 5.535E-04 5.951E-04 8.198E-04 1.107E-03 3.522E-04 2.685E-02 1.313E-04 7.936E-04 1.098E-05
0.5750 2.639E-04 6.796E-04 5.992E-04 8.298E-04 1.120E-03 3.615E-04 2.888E-02 1.206E-04 8.428E-04 1.039E-05
0.6000 3.001E-04 8.214E-04 5.932E-04 8.393E-04 1.128E-03 3.688E-04 3.083E-02 1.092E-04 8.725E-04 9.688E-06
0.6250 3.369E-04 9.785E-04 5.772E-04 8.478E-04 1.130E-03 3.739E-04 3.264E-02 9.738E-05 8.770E-04 8.876E-06
0.6500 3.741E-04 1.150E-03 5.519E-04 8.547E-04 1.127E-03 3.768E-04 3.427E-02 8.538E-05 8.521E-04 7.976E-06
0.7000 4.464E-04 1.522E-03 4.788E-04 8.621E-04 1.106E-03 3.767E-04 3.686E-02 6.215E-05 7.224E-04 6.002E-06
0.7500 5.074E-04 1.886E-03 3.901E-04 8.565E-04 1.071E-03 3.733E-04 3.837E-02 4.345E-05 5.739E-04 4.153E-06
0.8000 5.535E-04 2.204E-03 3.015E-04 8.335E-04 1.026E-03 3.706E-04 3.872E-02 3.008E-05 4.437E-04 2.682E-06
0.8500 5.816E-04 2.439E-03 2.242E-04 7.931E-04 9.781E-04 3.705E-04 3.794E-02 2.151E-05 3.531E-04 1.664E-06
0.9000 5.938E-04 2.601E-03 1.626E-04 7.380E-04 9.309E-04 3.718E-04 3.628E-02 1.564E-05 2.671E-04 1.OO1E-06
1.0000 5.745E-04 2.696E-03 8.245E-05 6.027E-04 8.488E-04 3.736E-04 3.119E-02 1.008E-05 1.727E-04 4.303E-07
1.1000 5.152E-04 2.612E-03 4.124E-05 4.716E-04 7.894E-04 3.642E-04 2.592E-02 7.587E-06 1.207E-04 2.282E-07
1.2000 4.410E-04 2.448E-03 2.058E-05 3.625E-04 7.476E-04 3.437E-04 2.146E-02 6.424E-06 9.295E-05 1.537E-07
1.4000 3.138E-04 2.098E-03 6.004E-06 2.208E-04 6.957E-04 2.855E-04 1.563E-02 5.517E-06 6.810E-05 1.151E-07
1.6000 2.335E-04 1.852E-03 2.105E-06 1.487E-04 6.634E-04 2.402E-04 1.240E-02 5.168E-06 5.670E-05 1.047E-07
2.0000 2.335E-04 1.852E-03 2.105E-06 1.487E-04 6.634E-04 2.402E-04 1.240E-02 5.168E-06 5.670E-05 1.047E-07
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X C4H8 C4H6 C4H4 C4H2 Al A1C2H A1C2H3 A2 A2R5 HCO
0.0000 1.399E-05 1.501E-06 -5.087E-07 1.429E-04 1.292E-01 3.219E-10 6.282E-11 2.831E-07 4.364E-08 1.313E-09
0.0500 2.524E-05 2.700E-06 -9.117E-07 2.551E-04 1.279E-01 6.889E-10 1.358E-10 6.525E-07 1.033E-07 1.969E-09
0.1000 4.252E-05 -2.608E-06 5.594E-06 4.327E-04 1.261E-01 7.226E-10 1.155E-10 1.420E-06 2.273E-07 4.774E-09
0.1500 6.733E-05 -5.219E-06 1.OOOE-05 7.342E-04 1.237E-01 4.907E-09 6.962E-11 2.922E-06 4.660E-07 1.318E-08
0.2000 9.990E-05 -5.279E-06 1.260E-05 1. 147E-03 1.203E-01 -2.749E-08 -7.187E-09 5.699E-06 8.915E-07 -2.429E-08
0.2500 1.356E-04 -4.644E-06 1.143E-05 1.065E-03 1.158E-01 1.691E-04 5.355E-06 1.043E-05 1.570E-06 1.034E-07
0.3000 1.661E-04 -3.931E-06 1.012E-05 8.537E-04 1.102E-01 3.391E-04 1.232E-05 1.788E-05 2.534E-06 5.463E-07
0.3500 1.772E-04 -3.133E-06 8.677E-06 7.072E-04 1.035E-01 4.775E-04 1.868E-05 2.854E-05 3.735E-06 2.215E-06
0.4000 1.600E-04 -2.413E-06 7.325E-06 9.218E-04 9.564E-02 5.664E-04 2.131E-05 4.166E-05 5.069E-06 5.819E-06
0.4250 1.397E-04 -2.088E-06 6.678E-06 1. 106E-03 9.125E-02 5.896E-04 2.152E-05 4.850E-05 5.739E-06 8.913E-06
0.4500 1.114E-04 -1.783E-06 6.085E-06 1.325E-03 8.654E-02 5.968E-04 2.112E-05 5.521E-05 6.391E-06 1.316E-05
0.4750 7.803E-05 -1.509E-06 5.568E-06 1.491E-03 8.150E-02 5.870E-04 2.021E-05 6.149E-05 7.009E-06 1.878E-05
0.5000 4.502E-05 -1.277E-06 5.140E-06 1.675E-03 7.614E-02 5.600E-04 1.885E-05 6.692E-05 7.571E-06 2.606E-05
0.5500 7.192E-06 -9.462E-07 4.578E-06 2.064E-03 6.461E-02 4.587E-04 1.504E-05 7.394E-05 8.461E-06 4.629E-05
0.5750 2.945E-06 -8.113E-07 4.428E-06 2.185E-03 5.873E-02 3.983E-04 1.301E-05 7.467E-05 8.755E-06 5.941E-05
0.6000 1.522E-06 -6.891E-07 4.353E-06 2.291E-03 5.284E-02 3.358E-04 1.100E-05 7.326E-05 8.941E-06 7.452E-05
0.6250 8.738E-07 -5.775E-07 4.325E-06 2.371E-03 4.706E-02 2.759E-04 9.112E-06 6.979E-05 9.028E-06 9.137E-05
0.6500 5.067E-07 -4.759E-07 4.313E-06 2.427E-03 4.150E-02 2.221E-04 7.407E-06 6.461E-05 9.032E-06 1.094E-04
0.7000 1.749E-07 -3.020E-07 4.218E-06 2.437E-03 3.131E-02 1.378E-04 4.676E-06 5.092E-05 8.873E-06 1.466E-04
0.7500 6.864E-08 -1.707E-07 3.813E-06 2.293E-03 2.280E-02 8.244E-05 2.825E-06 3.742E-05 8.656E-06 1.790E-04
0.8000 2.804E-08 -8.342E-08 3.145E-06 2.068E-03 1.608E-02 4.819E-05 1.653E-06 2.612E-05 8.437E-06 2.011E-04
0.8500 1.316E-08 -3.447E-08 2.371E-06 1.795E-03 1.101E-02 2.774E-05 9.466E-07 1.750E-05 8.239E-06 2.112E-04
0.9000 5.993E-09 -1.075E-08 1.677E-06 1.540E-03 7.347E-03 1.567E-05 5.283E-07 1.132E-05 8.058E-06 2.106E-04
1.0000 2.070E-09 -6.363E-10 7.589E-07 1.072E-03 3.258E-03 5.545E-06 1.826E-07 4.720E-06 7.761E-06 1.873E-04
1.1000 1.015E-09 3.731E-10 3.405E-07 7.421E-04 1.385E-03 1.949E-06 6.280E-08 1.874E-06 7.527E-06 1.530E-04
1.2000 6.705E-10 3.647E-10 1.623E-07 5.143E-04 5.579E-04 6.648E-07 2.094E-08 7.018E-07 7.338E-06 1.191E-04
1.4000 4.857E-10 2.706E-10 6.274E-08 2.726E-04 1.309E-04 1.404E-07 3.905E-09 1.531E-07 7.059E-06 7.038E-05
1.6000 4.390E-10 2.292E-10 3.318E-08 1.554E-04 3.059E-05 4.116E-08 7.434E-10 3.451E-08 6.870E-06 4.498E-05
2.0000 4.390E-10 2.292E-10 3.318E-08 1.554E-04 3.059E-05 4.116E-08 7.434E-10 3.451E-08 6.870E-06 4.498E-05
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Aj
x0.0000
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.4250
0.4500
0.4750
0.5000
0.5500
0.5750
0.6000
0.6250
0.6500
0.7000
0.7500
0.8000
0.8500
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
CH3
2.223E-06
2.957E-06
4.973E-06
9.550E-06
1.940E-05
4.051E-05
8.396E-05
1.678E-04
3.028E-04
3.907E-04
4.914E-04
6.034E-04
7.248E-04
9.820E-04
1.115E-03
1.254E-03
1.399E-03
1.546E-03
1.841E-03
2.118E-03
2.363E-03
2.565E-03
2.718E-03
2.880E-03
2.898E-03
2.83 1E-03
2.581E-03
2.366E-03
2.366E-03
CH2CO CH2
9.994E-05 6.969E-18
1.591E-04 9.213E-18
2.430E-04 4.998E-16
3.570E-04 -2.476E-14
5.058E-04 -2.060E-12
6.874E-04 2.934E-09
8.966E-04 8.657E-08
1. 127E-03 8.882E-07
1.385E-03 3.053E-06
1.531E-03 4.959E-06
1.691E-03 7.677E-06
1.868E-03 1. 145E-05
2.063E-03 1.672E-05
2.513E-03 3.328E-05
2.762E-03 4.544E-05
3.026E-03 6.102E-05
3.302E-03 8.070E-05
3.583E-03 1.051E-04
4.140E-03 1.692E-04
4.619E-03 2.518E-04
4.966E-03 3.485E-04
5.147E-03 4.503E-04
5.162E-03 5.492E-04
4.741E-03 7.006E-04
4.057E-03 7.732E-04
3.351E-03 7.814E-04
2.261E-03 6.957E-04
1.639E-03 6.103E-04
1.639E-03 6.103E-04
HCCO
2.149E-04
2.821E-04
3.626E-04
4.569E-04
5.647E-04
6.847E-04
8.119E-04
9.445E-04
1.097E-03
1.187E-03
1.286E-03
1.393E-03
1.509E-03
1.754E-03
1.873E-03
1.986E-03
2.092E-03
2.185E-03
2.325E-03
2.381E-03
2.348E-03
2.237E-03
2.069E-03
1.621E-03
1. 184E-03
8.328E-04
4.240E-04
2.430E-04
2.430E-04
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C2H
1.159E-11
1.684E-1 1
6.810E-10
6.087E-09
-7.746E-08
4.179E-11
5.074E-10
1.548E-08
1.611E-07
3.664E-07
6.990E-07
1. 135E-06
1.757E-06
3.855E-06
5.384E-06
7.510E-06
1.045E-05
1.451E-05
2.622E-05
3.920E-05
5.060E-05
5.59 1E-05
5.783E-05
4.893E-05
3.701E-05
2.719E-05
1.621E-05
1.101E-05
1.101E-05
C2H5 C2H3
4.729E-08 -5.431E-18
7.174E-08 -7.951E-18
1.191E-07 -3.624E-16
2.145E-07 -4.953E-13
4.219E-07 -2.143E-11
8.792E-07 8.560E-09
1.945E-06 2.067E-07
4.019E-06 1.220E-06
5.770E-06 2.308E-06
4.730E-06 2.766E-06
2.972E-06 3.182E-06
1.803E-06 3.688E-06
1.102E-06 4.11OE-06
5.265E-07 4.560E-06
4.503E-07 4.866E-06
3.926E-07 5.102E-06
3.422E-07 5.264E-06
2.937E-07 5.343E-06
2.107E-07 5.403E-06
1.562E-07 5.566E-06
1. 167E-07 5.677E-06
9.253E-08 5.811E-06
7.192E-08 5.766E-06
5.302E-08 5.728E-06
4.349E-08 5.506E-06
3.833E-08 5.170E-06
3.213E-08 4.311E-06
2.848E-08 3.654E-06
2.848E-08 3.654E-06
C3H2
4.502E-05
6.799E-05
9.962E-05
1.417E-04
1.962E-04
2.632E-04
3.4 1OE-04
4.279E-04
5.347E-04
5.992E-04
6.707E-04
7.476E-04
8.294E-04
1.OO1E-03
1.080E-03
1.153E-03
1.217E-03
1.271E-03
1.344E-03
1.365E-03
1.350E-03
1.317E-03
1.289E-03
1.209E-03
1.095E-03
9.433E-04
6.427E-04
4.468E-04
4.468E-04
C3H3
7.471E-06
1.214E-05
2.014E-05
3.349E-05
5.528E-05
8.891E-05
1.386E-04
2.079E-04
3.025E-04
3.646E-04
4.39 1E-04
5.294E-04
6.403E-04
9.381E-04
1.142E-03
1.392E-03
1.693E-03
2.045E-03
2.871E-03
3.656E-03
4.265E-03
4.616E-03
4.734E-03
4.340E-03
3.640E-03
2.966E-03
2.029E-03
1.511E-03
1.511E-03
C3H5
2.724E-05
4.495E-05
7.237E-05
1.136E-04
1.735E-04
2.411E-04
3.052E-04
3.404E-04
3.676E-04
3.876E-04
4.137E-04
4.443E-04
4.738E-04
5.021E-04
4.943E-04
4.753E-04
4.452E-04
4.041E-04
2.968E-04
1.955E-04
1.211E-04
7.661E-05
4.744E-05
2.383E-05
1.466E-05
1.086E-05
8.374E-06
7.538E-06
7.538E-06
x
0.0000
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.3500
0.4000
0.4250
0.4500
0.4750
0.5000
0.5500
0.5750
0.6000
0.6250
0.6500
0.7000
0.7500
0.8000
0.8500
0.9000
1.0000
1.1000
1.2000
1.4000
1.6000
2.0000
C3H7U
3.714E-09
6.245E-09
1.092E-08
1.980E-08
3.778E-08
7.587E-08
1.371E-07
1.509E-07
1.933E-08
5.236E-09
1.761E-09
9.179E-10
4.971E-10
1.874E-10
1.495E-10
1.204E-10
9.754E-1 1
7.806E-1 1
4.917E-1 1
3.145E-1 1
1.923E-1 1
1.169E-11
6.688E-12
2.784E-12
1.458E-12
9.933E-13
7.805E-13
7.439E-13
7.439E-13
C3H7S
3.954E-10
6.650E-10
1.165E-09
2.123E-09
4.063E-09
7.969E-09
1.613E-08
1.315E-08
1.814E-09
6.955E-10
2.998E-10
1.874E-10
1.204E-10
5.614E-1 1
4.588E-1 1
3.724E- 11
3.021E-1 1
2.414E-1 1
1.508E-11
9.547E-12
5.781E-12
3.49 1E-12
1.985E-12
8.213E-13
4.295E-13
2.927E-13
2.304E-13
2.200E-13
2.200E-13
C4H7U
-2.843E-19
-5.121E-19
-3.077E-17
9.790E-14
-2.108E-09
5.803E-1 1
3.539E-09
1.038E-07
1.265E-07
6.406E-08
2.842E-08
1.461E-08
6.388E-09
6.582E-10
2.503E-10
1.206E-10
6.516E-1 1
3.545E-1 1
1.094E-1 1
4.050E-12
1.574E-12
7.432E-13
3.388E-13
1.242E-13
6.285E-14
4.241E-14
3.185E-14
2.971E-14
2.971E-14
C4H5U
1.811E-08
3.252E-08
5.597E-08
9.250E-08
1.476E-07
2.263E-07
3.208E-07
3.468E-07
3.981E-08
7.293E-09
1.905E-09
9.235E-10
4.887E-10
1.749E-10
1.372E-10
1.095E-10
8.941E-11
7.347E-11
5.245E-1 1
4.082E-1 1
3.113E-1 1
2.365E-1 1
1.685E-11
9.162E-12
5.329E-12
3.408E-12
1.876E-12
1.259E-12
1.259E-12
C4H3U
4.082E-08
7.301E-08
2.765E-07
1.188E-06
5.038E-06
2.132E-05
7.602E-05
2.352E-04
5.88 1E-04
8.679E-04
1.227E-03
1.674E-03
2.221E-03
3.556E-03
4.082E-03
4.443E-03
4.588E-03
4.516E-03
3.848E-03
2.944E-03
2.067E-03
1.352E-03
8.200E-04
2.987E-04
1. 108E-04
4.294E-05
1.137E-05
3.787E-06
3.787E-06
C4H3S
1.307E-05
2.337E-05
4.005E-05
6.582E-05
1.040E-04
1.570E-04
2.264E-04
3.136E-04
4.296E-04
5.081E-04
6.049E-04
7.258E-04
8.783E-04
1.298E-03
1 .561E-03
1.849E-03
2.136E-03
2.382E-03
2.616E-03
2.364E-03
1.830E-03
1.259E-03
7.9 1OE-04
2.938E-04
1.089E-04
4.189E-05
1.097E-05
3.607E-06
3.607E-06
C4H
-1.181E-06
-2.104E-06
-5. 109E-06
-4.913E-05
-1.062E-04
3.088E-04
9.595E-04
1.663E-03
2.123E-03
2.329E-03
2.542E-03
2.855E-03
3.203E-03
4.024E-03
4.541E-03
5.074E-03
5.601E-03
6.091E-03
6.901E-03
7.374E-03
7.408E-03
7.062E-03
6.430E-03
4.860E-03
3.470E-03
2.424E-03
1.258E-03
7.019E-04
7.019E-04
C6H5U
1.184E-14
2.340E-14
1.137E-13
5.985E-13
3.083E-12
1.435E-11
5.560E-11
1.434E-10
2.048E-10
2.077E-10
2.098E-10
2.494E-10
3.163E-10
5.681E-10
6.693E-10
7.375E-10
7.601E-10
7.459E-10
6.552E-10
5.401 E-10
4.250E-10
3.188E-10
2.292E-10
1.139E-10
5.188E-1 1
2.154E-1 1
4.983E-12
1.132E-12
1.132E-12
C8H5U
5.949E-16
1.254E-15
7.279E-15
4.691E-14
2.785E-13
9.050E-13
2.206E-12
4.413E-12
1.078E-1 1
1.568E-11
2.132E-1 1
2.839E-1 1
3.784E-1 1
6.351E-11
7.029E-1 1
7.179E-1 1
6.792E-1 1
6.035E-1 1
4.177E-1 1
2.631E-11
1.545E-1 1
8.647E-12
4.613E-12
1.442E-12
4.734E-13
1.554E-13
3.021E-14
8.140E-15
8.140E-15
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Al-
4.921E-05
9.439E-05
1.724E-04
3.002E-04
4.978E-04
6.364E-04
8.586E-04
1. 134E-03
1.457E-03
1.616E-03
1.75 1E-03
1.824E-03
1.798E-03
1.376E-03
1.102E-03
8.275E-04
5.912E-04
4.082E-04
1.975E-04
1.076E-04
6.109E-05
3.633E-05
2.081E-05
7.888E-06
3.092E-06
1.212E-06
2.880E-07
6.966E-08
6.966E-08
X A1C2H* AlC2H- A1C2HC2H2U A2R5- A2-X AR
0.0000 5.330E-15 4.048E-07 1.057E-20 1.121E-10 1.494E-08 2.817E-01
0.0500 1.140E-14 8.656E-07 2.435E-20 2.654E-10 3.441E-08 2.781E-01
0.1000 2.383E-13 1.743E-06 6.535E-19 5.920E-10 7.796E-08 2.739E-01
0.1500 5.316E-12 3.287E-06 1.785E-17 1.245E-09 1.720E-07 2.691E-01
0.2000 1. 147E-10 5.688E-06 4.678E-16 2.476E-09 3.692E-07 2.637E-01
0.2500 2.335E-09 8.302E-06 1.049E-14 4.608E-09 7.588E-07 2.580E-01
0.3000 2.681E-08 9.766E-06 1.326E-13 8.144E-09 1.472E-06 2.522E-01
0.3500 1.887E-07 9.228E-06 9.305E-13 1.427E-08 2.588E-06 2.465E-01
0.4000 6.634E-07 1.033E-05 3.347E-12 2.809E-08 4.291E-06 2.411E-01
0.4250 1.072E-06 1.139E-05 5.605E-12 3.999E-08 5.355E-06 2.385E-01
0.4500 1.588E-06 1.241E-05 9.344E-12 5.564E-08 6.488E-06 2.359E-01
0.4750 2.138E-06 1.298E-05 1.563E-11 7.441E-08 7.564E-06 2.334E-01
0.5000 2.716E-06 1.268E-05 2.807E-1 1 9.634E-08 8.445E-06 2.3 1OE-01
0.5500 3.870E-06 8.737E-06 9.836E-1 1 1.474E-07 9.118E-06 2.262E-01
0.5750 4.351E-06 6.464E-06 1.443E-10 1.717E-07 8.621E-06 2.238E-01
0.6000 4.813E-06 4.377E-06 1.944E-10 1.951E-07 7.543E-06 2.216E-01
0.6250 5.225E-06 2.771E-06 2.337E-10 2.172E-07 6.042E-06 2.195E-01
0.6500 5.507E-06 1.668E-06 2.507E-10 2.378E-07 4.394E-06 2.175E-01
0.7000 5.227E-06 6.035E-07 1.985E-10 2.731E-07 1.778E-06 2.138E-01
0.7500 4.024E-06 2.481E-07 1.231E-10 2.981E-07 6.934E-07 2.107E-01
0.8000 2.807E-06 1.081E-07 7.229E-11 3.168E-07 2.875E-07 2.082E-01
0.8500 1.843E-06 5.079E-08 4.243E-11 3.293E-07 1.341E-07 2.061E-01
0.9000 1.182E-06 2.338E-08 2.428E-11 3.427E-07 6.246E-08 2.044E-01
1.0000 4.898E-07 6.633E-09 8.811E-12 3.560E-07 1.839E-08 2.022E-01
1.1000 1.920E-07 2.092E-09 3.243E-12 3.588E-07 6.183E-09 2.009E-01
1.2000 7.063E-08 6.864E-10 1.196E-12 3.513E-07 2.239E-09 2.001E-01
1.4000 1.630E-08 1.454E-10 3.032E-13 3.226E-07 5.985E-10 1.993E-01
1.6000 5.578E-09 4.374E-11 1.222E-13 2.979E-07 2.586E-10 1.991E-01
2.0000 5.578E-09 4.374E-11 1.222E-13 2.979E-07 2.586E-10 1.991E-01
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Appendix E -- Modeling results for base case
Model predictions for all species in the fullerene
formation mechanism are presented for selected time intervals.
The base case for modeling is discussed in Chapter 7. Things
worth noting: 1) The order of the species listings are first
the fullerenes C60 and C70 (remember that A and B signify
formation via the direct and coagulation pathways,
respectively), followed by FLTHN, then the C5, species, then
FB2Q and FB2QR, then the remaining species in the order of
Table 3.2; 2) the time intervals (in milliseconds) for which
detailed output is given are -- 0.01, 0.02, 0.05, 0.1, 0.2,
0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50. Due to the
internal selection of time steps for integration by the
modeling program, the above times are approximate, e.g.,
output was printed at time = 0.20043 ms instead of 0.2 ms.
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t(sec)= 1.0057E-05
C60A = 2.046E-8
FLTHN = 7.513E-0
FB = 5.523E-5
AR = 7.950E-0
FLTHN- = 1.765E-C
COR1 = 8.570E-1
COR3 = 9.339E-1
HB- = 5.453E-2
HB2- = 3.753E-2
HB4- = 1.108E-3
TB2 = 3.655E-4
TB4 = 2.536E-5
FB1- = 1.115E-6
FB3Q = 2.543E-6
FB4Q = 3.077E-7
FB5Q = 3.082E-8
FB2 = 1.886E-E
FB4 = 4.279E-7
XB1- = 5.589E-8
XB2QRD = 5.166E-8
XB3QD = 3.805E-9
XB4QD = 2.378E-9
XB5QD = 1.275-ic
HBHBD2 = 5.023E-4
HBHBD4 = 8.409E-5
HBHBD6 = 1.231E-5
HBHBD8 = 1.592E-5
TBHBD1 = 2.259E-5
TBHBD3 = 2.233E-E
TBHBD5 = 1.993E-E
TBHBD7 = 1.617E-7
TBHBD9 = 1.197E-7
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
P(atm)= 5.2632E-02
5 C60B = 1.8
6 COR = 1.0
,5 XB = 5.5
11 H = 2.5
6 BGHIF = 6.5
.1 COR1- = 4.3
,6 COR3- = 3.1
3 HB1 = 2.2
9 HB3 = 1.2
!5 TB- = 4.5
4 TB2- = 4.7
1 TB4- = 2.9
0 FB2QR- = 3.8
9 FB3Q- = 5.1
'5 FB4Q- = 1.1
1 FB5Q- = 8.9
2 FB2- = 1.8
'0 FB4- = 3.8
0 XB2Q = 6.9
5 XB2QRD- = 3.9
'1 XB3QD- = 2.7
'7 XB4QD- = 1.6
3 XB5QD- = 7.8
r6 HBHBD2- = 4.2
0 HBHBD4- = 6.6
3 HBHBD6- = 9.1
7 HBHBD8- = 1.1
9 TBHBD1- = 2.7
3 TBHBD3- = 8.9
7 TBHBD5- = 3.5
1 TBHBD7- = 6.4
5 TBHBD9- = 4.6
T(K)= 2.0500E+03
51E-61
07E-08
99E-74
00E-02
05E-07
80E-12
42E-17
28E-24
15E-30
67E-39
98E-46
35E-53
76E-69
65E-75
68E-80
51E-87
56E-64
31E-72
07E-82
83E-87
76E-93
48E-99
94-112
30E-53
36E-57
51E-61
18E-64
83E-67
42E-72
81E-74
54E-80
23E-84
C70A
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 8.638-106
= 2.061E-21
= 1.732E-62
= 1.200E-01
= 6.041E-08
= 3.552E-13
= 1.690E-18
= 5.090E-26
= 2.242E-32
= 1.130E-40
= 1.027E-47
= 6.139E-57
= 1.709E-65
= 2.379E-71
= 2.688E-77
= 2.526E-83
= 2.982E-66
= 4.861E-76
= 6.425E-83
= 5.012E-89
= 3.306E-95
= 1.864-101
= 3.680E-44
= 6.613E-48
= 1.034E-51
= 1.422E-55
= 1.732E-59
= 2.275E-61
= 2.136E-65
= 1.816E-69
= 1.407E-73
2.0087E-05 P(atm)= 5.2632E-02 T(K)= 2.0500E+03
= 5.006E-71 C60B = 9.833E-51 C70A = 2.006E-88
= 6.236E-06 COR = 7.340E-08 HB = 1.189E-17
= 3.599E-45 XB = 3.582E-61 FB2Q = 1.775E-51
= 7.950E-01 H = 2.500E-02 H2 = 1.200E-01
= 1.883E-06 BGHIF = 1.575E-06 BGHIF- = 2.190E-07
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
= 1.006E-77
= 2.940E-37
= 1.698E-63
= 6.OOOE-02
= 7.757E-10
= 1.442E-14
= 4.870E-20
= 1.839E-27
= 6.579E-34
= 1.592E-42
= 1.264E-49
= 1.095E-58
= 1.632E-67
= 2.118E-73
= 2.264E-79
= 5.191E-91
= 2.795E-68
= 6.800E-78
= 1.185E-88
= 8.284E-95
= 5.179-101
= 4.528-107
= 2.862E-52
= 2.831E-55
= 4.152E-59
= 5.401E-63
= 7.011E-68
= 9.124E-70
= 3.929E-72
= 7.256E-78
= 2.351E-80
= 5.527E-64
= 1.915E-30
= 1.953E-52
= 6.OOOE-02
= 1.091E-08
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COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
t(sec)= 5.0239E-05
= 1.410E-52
= 3.940E-06
= 8.644E-33
= 7.950E-01
= 1.300E-06
= 8.793E-08
= 3.472E-10
= 3.737E-14
= 1.836E-17
= 3.755E-21
= 4.034E-26
= 2.496E-09
= 3.862E-13
= 6.390E-19
= 7.370E-24
= 3.590E-29
= 3.831E-36
= 4.179E-42
= 5.665E-50
= 2.357E-57
= 2.288E-62
= 1.848E-67
= 1.938E-51
= 6.913E-58
= 2.814E-66
= 1.204E-70
= 7.046E-76
= 3.484E-81
= 1.470E-86
= 7.674E-38
= 5.616E-41
= 3.555E-44
= 1.969E-47
= 1.868E-48
= 7.901E-52
= 2.998E-55
= 1.026E-58
= 3.191E-62
COR1-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
P(atm)= 5.2632E-02
C60B
COR
XB
H
BGHIF
COR1-
COR3-
HB1
HB3
TB-
TB2-
= 1.554E-37
= 4.711E-07
= 7.756E-45
= 2.500E-02
= 3.390E-06
= 1.588E-08
= 4.704E-11
= 8.497E-15
= 3.225E-18
= 3.872E-23
= 2.420E-27
= 2.335E-10
= 2.466E-14
= 5.383E-20
= 4.878E-25
= 5.931E-32
= 9.829E-38
= 9.479E-44
= 9.023E-58
= 9.664E-63
= 1.750E-67
= 1.079E-72
= 3.744E-53
= 1.216E-59
= 6.951E-68
= 1.826E-72
= 1.011E-77
= 4.743E-83
= 1.258E-94
= 1.321E-44
= 8.992E-48
= 5.326E-51
= 2.771E-54
= 3.994E-56
= 3.288E-60
= 1.095E-61
= 4.242E-67
= 1.233E-70
T(K)= 2.0500E+03
C70A
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
4.900E-66
2. 719E-13
1. 657E-37
1.200E-01
6.398E-07
6. 616E-09
1.330E-11
9.371E-16
2.887E-19
5.131E-24
2.753E-28
= 3.853E-11
= 2.699E-15
= 2.448E-21
= 1.791E-26
= 2.984E-33
= 4.270E-39
= 7.974E-47
= 3.982E-54
= 4.455E-59
= 4.030E-64
= 3.049E-69
= 1.215E-54
= 6.189E-63
= 7.435E-69
= 4.618E-74
= 2.415E-79
= 1.074E-84
= 2.676E-36
= 2.116E-39
= 1.438E-42
= 8.502E-46
= 4.419E-49
= 3.896E-50
= 1.559E-53
= 5.616E-57
= 1.831E-60
C70B
TB
FB2QR
C2H2
COR-
COR2 -
COR4-
HB2
HB4
TB1-
TB3-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
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= 2.928E-12
= 1.502E-16
= 1.814E-22
= 1.071E-27
= 8.215E-35
= 1.028E-40
= 2.880E-48
= 7.480E-56
= 7.802E-61
= 6.740E-66
= 1.149E-76
= 2.238E-56
= 1.743E-64
= 2.757E-74
= 1.532E-79
= 7.578E-85
= 5.219E-90
= 3.235E-44
= 1.802E-46
= 1.139E-49
= 6.328E-53
= 1.879E-57
= 1.625E-58
= 5.844E-60
= 2.325E-65
= 6.192E-67
= 7.840E-47
= 5.066E-22
= 1.969E-38
= 5.999E-02
= 1.472E-07
= 1.026E-09
= 1.680E-12
= 1.857E-16
= 4.556E-20
= 3.294E-25
= 1.557E-29
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
= 1.653E-30
= 2.OOE-36
= 3.805E-42
= 5.887E-46
= 7.732E-50
= 1.782E-37
= 2.428E-42
= 9.349E-49
= 2.941E-52
= 2.715E-56
= 2. 107E-60
= 1.385E-64
= 3.485E-28
= 2.016E-30
= 9.805E-33
= 4.074E-35
= 3.318E-35
= 1.058E-37
= 2.968E-40
= 7.397E-43
= 1.650E-45
t(sec)= 1.0019E-04 P
C60A = 1.427E-39
FLTHN = 1.952E-06
FB = 2.252E-24
AR = 7.950E-01
FLTHN- = 6.755E-07
COR1 = 5.269E-07
COR3 = 1.539E-08
HB- = 2.412E-11
HB2- = 1.806E-13
HB4- = 5.931E-16
TB2 = 1.959E-19
TB4 = 1.156E-22
FB1- = 3.690E-27
FB3Q = 1.280E-31
FB4Q = 1.597E-34
FB5Q = 1.747E-37
FB2 = 6.996E-28
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 8.850E-32
= 2.365E-43
= 4.040E-47
= 1.160E-50
= 1.157E-54
= 8.187E-39
= 1.020E-43
= 6.002E-50
= 1.070E-53
= 9.352E-58
= 6.890E-62
= 2.221E-72
= 1.668E-34
= 8.837E-37
= 3.969E-39
= 1.532E-41
= 1.728E-42
= 4.952E-46
= 2.911E-46
= 3.398E-51
= 6.393E-54
(atm)= 5.2632E-02 T(K)
C60B = 6.481E-29
COR = 9.811E-07
XB = 1.768E-33
H = 2.500E-02
BGHIF = 4.221E-06
COR1- = 1.340E-07
COR3- = 3.222E-09
HB1 = 1.176E-11
HB3 = 6.766E-14
TB- = 2.312E-17
TB2- = 2.083E-20
TB4- = 1.117E-23
FB2QR- = 2.087E-33
FB3Q- = 2.866E-36
FB4Q- = 6.572E-39
FB5Q- = 5.413E-42
FB2- = 5.872E-29
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 4.749E-34
= 1.044E-39
= 1.863E-43
= 2.673E-47
= 3.270E-51
= 6.907E-40
= 3.328E-46
= 7.057E-51
= 6.937E-55
= 5.710E-59
= 3.976E-63
= 4.267E-27
= 2.712E-29
= 1.435E-31
= 6.440E-34
= 2.487E-36
= 1.904E-36
= 5.689E-39
= 1.503E-41
= 3.541E-44
= 2.0500E+03
C70A
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
= 4.372E-50
= 9.125E-11
= 6.722E-28
= 1.200E-01
= 8.977E-07
= 1.031E-07
= 1.808E-09
= 2.347E-12
= 1.124E-14
= 6.590E-18
= 5.061E-21
= 2.400E-25
= 9.217E-30
= 1.322E-32
= 1.514E-35
= 1.530E-38
= 1.051E-29
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TBl-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
= 4.472E-35
= 4.671E-41
= 7.791E-45
= 1.098E-48
= 3.032E-58
= 3.031E-41
= 2.419E-47
= 6.732E-56
= 5.901E-60
= 4.579E-64
= 4.911E-68
= 1.165E-34
= 6.279E-36
= 3.043E-38
= 1.267E-40
= 1.234E-44
= 8.979E-45
= 5.748E-45
= 6.937E-50
= 3.179E-50
= 2.455E-35
= 1.588E-16
= 8.200E-29
= 5.999E-02
= 4.637E-07
= 2.367E-08
= 3.855E-10
= 9.955E-13
= 3.771E-15
= 7.460E-19
= 5.112E-22
= 4.806E-26
= 7.539E-31
= 1.017E-33
= 1.197E-36
= 3.OOE-45
= 8.463E-31
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FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
= 1.434E-31
= 1.629E-36
= 2.389E-39
= 1.774E-42
= 1.106E-45
= 5.783E-49
= 2.161E-22
= 6.500E-24
= 1.596E-25
= 3.269E-27
= 7.956E-27
= 1.276E-28
= 1.763E-30
= 2.124E-32
= 2.254E-34
t(sec)= 2.0043E-04
C60A = 6.642E-2
FLTHN = 5.919E-C
FB = 2.886E-3
AR = 7.950E-C
FLTHN- = 2.316E-C
COR1 = 1.433E-C
COR3 = 1.843E-C
HB- = 2.091E-C
HB2- = 1.648E-3
HB4- = 7.105E-3
TB2 = 5.963E-1
TB4 = 4.395E-1
FB1- = 2.909E-1
FB3Q = 1.893E-2
FB4Q = 1.847E-2
FB5Q = 1.665E-2
FB2 = 1.234E-3
FB4 = 3.483E-2
XB1- = 1.021E-2
XB2QRD = 7.652E-2
XB3QD = 4.485E-3
XB4QD = 2.209E-2
XB5QD = 8.912E-2
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 1.11OE-32
= 2.252E-37
= 1.618E-40
= 1.142E-43
= 6.774E-47
= 1.728E-56
= 2.358E-28
= 6.392E-30
= 1.431E-31
= 2.692E-33
= 8.938E-34
= 7.264E-37
= 3.803E-36
= 1.161E-40
= 8.777E-43
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
P(atm)= 5.2632E-02 T(K)= 2.0500E+03
!8 C60B = 5.928E-22 C70A =
)7 COR = 1.142E-06 HB =
.7 XB = 1.562E-23 FB2Q =
1 H = 2.500E-02 H2 =
)7 BGHIF = 3.519E-06 BGHIF- =
)6 COR1- = 4.625E-07 COR2 =
)7 COR3- = 5.285E-08 COR4 =
)9 HB1 = 2.067E-09 HB1- =
.0 HB3 = 1.294E-10 HB3- =
.2 TB- = 8.981E-13 TB1 =
.4 TB2- = 1.001E-14 TB3 =
.6 TB4- = 6.945E-17 FB- =
.9 FB2QR- = 8.792E-25 FB2QRD 
-
.2 FB3Q- = 9.334E-27 FB3QD =
.4 FB4Q- = 1.636E-28 FB4QD =
!6 FB5Q- = 1.083E-30 FB5QD =
.9 FB2- = 1.721E-20 FB3 =
!2 FB4- = 4.557E-23 XB- =
.5 XB2Q = 3.252E-26 XB2QR =
.8 XB2QRD- = 8.958E-29 XB3Q =
0 XB3QD- = 5.027E-31 XB4Q =
12 XB4QD- = 2.374E-33 XB5Q =
15 XB5QD- = 5.624E-42 HBHBD1 =
1. 486E-34
2.737E-38
2. 173E-41
1.441E-44
8.063E-48
1. 145E-21
3.850E-23
1. 043E-24
2.334E-26
4.394E-28
1.027E-27
1.527E-29
1.967E-31
2.222E-33
1. 534E-35
4.750E-09
1.260E-19
1.200E-01
8.057E-07
5.609E-07
5.319E-08
6.435E-10
3. 550E-11
5.735E-13
5.416E-15
5.591E-18
3.884E-21
4.307E-23
3.769E-25
3.060E-27
6.861E-21
2.463E-24
4.020E-27
2. 531E-29
1. 333E-31
5.929E-34
6. 541E-18
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
= 2.272E-35
= 5.467E-43
= 3.855E-46
= 2.402E-49
= 2.051E-52
= 6.644E-29
= 2.006E-29
= 4.905E-31
= 1.005E-32
= 2.840E-36
= 5.932E-36
= 3.408E-35
= 1.086E-39
= 4.333E-39
= 1.001E-25
= 3.543E-12
= 1.558E-20
= 5.998E-02
= 7.675E-07
= 1.693E-07
= 1.625E-08
= 5.646E-10
= 2.532E-11
= 1.015E-13
= 8.752E-16
= 2.480E-18
= 5.295E-22
= 5.586E-24
= 5.429E-26
= 1.381E-33
= 9.266E-22
= 8.284E-25
= 1.751E-31
= 9.744E-34
= 4.799E-36
= 3.161E-38
= 8.164E-25
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HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
8
9
0
1
0
1
2
4
5
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 6.709E-24
= 9.068E-25
= 1.005E-25
= 9.273E-27
= 4.848E-27
= 1.286E-29
= 5.487E-28
= 5.116E-32
= 1.429E-33
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 2.756E-1
= 4.141E-1
= 5.055E-2
= 5.103E-2
= 1.927E-2
= 1.605E-2
= 1.133E-2
= 6.871E-2
= 3.620E-2
5.0150E-04
= 7.365E-1
= 1.015E-0
= 8.945E-1
= 7.950E-0
= 4.950E-0
= 1.935E-0
= 8.252E-0
= 3.744E-0
= 2.123E-O
= 1.209E-0
= 3.134E-0
= 3.939E-1
= 6.070E-1
= 1.579E-1
= 1.783E-1
= 2.007E-1
= 7.833E-1
= 4.810E-1
= 5.616E-1
= 4.311E-1
= 3.11OE-1
= 1.931E-1
= 8.768E-2
= 1.515E-1
= 1.023E-1
= 6.284E-1
= 3.485E-1
= 1.340E-1
= 6.595E-1
1.098E-18
1.483E-19
1. 643E-20
1. 517E-21
5.682E-21
4.349E-22
2.842E-23
1. 604E-24
5.252E-20
5.859E-08
9.394E-12
1.200E-01
3. 547E-07
1. 308E-06
4.860E-07
2.921E-08
1. 445E-08
7.611E-09
1. 152E-09
2.983E-11
8.723E-13
1.074E-13
1.013E-14
9.234E-16
2.018E-12
2.723E-14
7.633E-16
5.938E-17
3.957E-18
2.274E-19
1. 786E-15
1.259E-15
8.116E-16
4.742E-16
2.493E-16
9.523E-16
4.448E-16
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
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P(atm)= 5.2632E-02 T(K)= 2.0500E+03
6 C60B = 4.921E-16 C70A =
7 COR = 6.715E-07 HB =
1 XB = 9.190E-14 FB2Q =
1 H = 2.500E-02 H2 =
8 BGHIF = 1.438E-06 BGHIF- =
6 COR1- = 7.629E-07 COR2 =
7 COR3- = 3.092E-07 COR4 =
8 HB1 = 6.863E-08 HB1- =
8 HB3 = 3.528E-08 HB3- =
8 TB- = 4.337E-09 TB1 =
9 TB2- = 7.532E-10 TB3 =
0 TB4- = 9.506E-11 FB- =
2 FB2QR- = 1.975E-16 FB2QRD =
3 FB3Q- = 2.327E-17 FB3QD =
4 FB4Q- = 4.394E-18 FB4QD =
5 FB5Q- = 3.267E-19 FB5QD =
2 FB2- = 1.669E-12 FB3 =
3 FB4- = 9.924E-14 XB- =
5 XB2Q = 6.119E-15 XB2QR =
6 XB2QRD- = 8.349E-17 XB3Q =
7 XB3QD- = 5.875E-18 XB4Q =
8 XB4QD- = 3.557E-19 XB5Q =
0 XB5QD- = 1.842E-26 HBHBD1 -
5 HBHBD2- = 7.688E-21 HBHBD3 =
5 HBHBD4- = 4.957E-21 HBHBD5 =
6 HBHBD6- = 2.896E-21 HBHBD7 =
6 HBHBD8- = 1.522E-21 HBHBD9 =
5 TBHBD1- = 8.051E-22 TBHBD2 =
6 TBHBD3- = 9.361E-24 TBHBD4 =
1.272E-24
1.546E-25
1.561E-26
1.632E-29
4.667E-29
2. 188E-27
2. 153E-31
6.950E-30
5.187E-17
1. 058E-08
1. 169E-12
5.997E-02
6.941E-07
4.999E-07
1. 814E-07
5. 101E-08
2.452E-08
1. 903E-09
2.718E-10
3.725E-11
1. 830E-13
2. 197E-14
2.624E-15
1. 521E-21
4.230E-13
2.773E-14
9.864E-20
6.756E-21
4. 193E-22
3. 109E-23
4.418E-22
3. 137E-21
1.918E-21
1.064E-21
9.650E-24
1.384E-23
5.636E-21
= 2.920E-16 TBHBD5-
= 1.160E-16 TBHBD7-
= 4.138E-17 TBHBD9-
t(sec)= 1.OOOE-03 P(atm)= 5.263
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
4.336E-10
4.161E-08
2.489E-08
7.950E-01
2. 158E-08
1. 604E-06
9.745E-07
6.007E-08
5.861E-08
9.2 1OE-08
1.139E-07
6.495E-08
4.141E-09
1. 045E-09
4.656E-10
2.095E-10
1. 104E-08
4.015E-09
3.545E-10
1. 590E-10
5.086E-11
1.463E-11
2.491E-12
4.439E-15
4.396E-15
4.300E-15
4.142E-15
2.227E-14
2.042E-14
1.826E-14
1. 588E-14
1.336E-14
= 3.602E-21 TBHBD6
= 1.527E-24 TBHBD8
= 1.764E-25
C60B
COR
XB
H
BGHIF
COR1-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
TBHBD5
TBHBD7
TBHBD9
t(sec)= 2.01OOE-03 P(atm)= 5.2632E-02 T(K)= 2.0500E+03
C60A = 3.043E-07 C60B = 1.925E-13 C70A = 1.100E-07
2E-02 T(K)= 2.0500E+03
= 4.242E-14 C70A =
= 4.109E-07 HB =
= 1.629E-09 FB2Q =
= 2.500E-02 H2 =
= 7.065E-07 BGHIF- =
= 6.747E-07 COR2 =
= 3.917E-07 COR4 =
= 1.293E-07 HBl- =
= 1.264E-07 HB3- =
= 4.789E-08 TB1 =
= 3.122E-08 TB3 =
= 1.836E-08 FB- =
= 7.359E-13 FB2QRD =
= 3.270E-13 FB3QD =
= 2.228E-13 FB4QD =
= 5.635E-14 FB5QD =
= 2.691E-09 FB3 =
= 9.677E-10 XB- =
= 1.033E-09 XB2QR =
= 3.715E-11 XB3Q =
= 1.175E-11 XB4Q =
= 3.338E-12 XB5Q =
= 1.620E-18 HBHBD1 =
= 2.701E-20 HBHBD3 =
= 2.660E-20 HBHBD5 =
= 2.583E-20 HBHBD7 =
= 2.463E-20 HBHBD9 =
= 1.805E-20 TBHBD2 =
= 3.757E-22 TBHBD4 =
= 3.299E-19 TBHBD6 =
= 2.861E-22 TBHBD8 =
= 7.793E-23
C70B
=
=
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1.866E-16
7.024E-17
4.678E-12
8.572E-08
1. 690E-08
1. 201E-01
1. 832E-07
1.279E-06
6.764E-07
5.959E-08
5.980E-08
1. 400E-07
8. 624E-08
9.955E-09
3.251E-09
1. 509E-09
5.134E-10
1.593E-10
6.837E-09
6.207E-10
1.291E-10
4.398E-11
1. 345E-11
3. 698E-12
4.443E-15
4.424E-15
4.356E-15
4.229E-15
4.037E-15
2. 138E-14
1.937E-14
1. 709E-14
1.463E-14
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XBI
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
= 2.505E-24
= 7.939E-22
= 8.145E-14
= 9.668E-08
= 2.106E-09
= 5.995E-02
= 5.118E-07
= 5.272E-07
= 2.612E-07
= 1.274E-07
= 1.514E-07
= 3.962E-08
= 2.352E-08
= 2.244E-08
= 7.864E-10
= 3.613E-10
= 1.676E-10
= 8.941E-16
= 1.657E-09
= 1.424E-09
= 3.638E-14
= 1.105E-14
= 3.177E-15
= 8.832E-16
= 1.291E-21
= 1.348E-20
= 1.312E-20
= 1.264E-20
= 7.646E-22
= 3.973E-22
= 3.524E-19
= 3.102E-22
= 2.564E-19
= 9.845E-13
FLTHN
FB
AR
FLTHN-
CORI
COR3
HB-
HB2-
HB4-
TB2
TB4
FBI-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
CORI
COR3
= 2.499E-08
= 1.008E-07
= 7.950E-01
= 1.314E-08
= 1.102E-06
= 7.026E-07
= 4.495E-08
= 4.758E-08
= 9.489E-08
= 1.985E-07
= 2.199E-07
= 2.557E-08
= 2.433E-08
= 2.261E-08
= 2.081E-08
= 9.909E-08
= 9.363E-08
= 2.941E-08
= 5.415E-08
= 4.416E-08
= 3.455E-08
= 1.218E-08
= 2.524E-15
= 2.621E-15
= 2.722E-15
= 2.826E-15
= 1.873E-14
= 1.940E-14
= 2.009E-14
= 2.078E-14
= 2.147E-14
COR
XB
H
BGHIF
CORI-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
3.0163E-03 P(atm)= 5.2632E-02
= 1.268E-06 C60B = 2.7
= 1.732E-08 COR = 1.8
= 7.613E-08 XB = 5.2
= 7.950E-01 H = 2.5
= 9.106E-09 BGHIF = 3.0
= 7.628E-07 CORI- = 3.2
= 4.857E-07 COR3- = 1.9
= 2.687E-07
= 5.485E-08
= 2.500E-02
= 4.413E-07
= 4.678E-07
= 2.849E-07
= 9.887E-08
= 1.080E-07
= 5.471E-08
= 5.729E-08
= 6.560E-08
= 1.357E-11
= 1.215E-11
= 1.598E-11
= 7.152E-12
= 2.522E-08
= 2.383E-08
= 2.O11E-07
= 1.364E-08
= 1.109E-08
= 8.640E-09
= 3.791E-14
= 1.571E-20
= 1.631E-20
= 1.694E-20
= 1.757E-20
= 1.609E-20
= 3.774E-22
= 3.943E-19
= 4.047E-22
= 4.016E-22
T(K)= 2.0500E+
17E-13 C70A
61E-07 HB
72E-08 FB2Q
OOE-02 H2
57E-07 BGHIF-
38E-07 COR2
69E-07 COR4
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TBl
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 6.331E-08
= 2.050E-07
= 1.201E-01
= 1.158E-07
= 8.996E-07
= 4.972E-07
= 4.609E-08
= 5.297E-08
= 1.891E-07
= 2.046E-07
= 4.256E-08
= 5.993E-08
= 5.605E-08
= 3. 682E-08
= 2.021E-08
= 9.680E-08
= 2.302E-08
= 2.516E-08
= 2.107E-08
= 1.698E-08
= 1.310E-08
= 2.476E-15
= 2.572E-15
= 2.671E-15
= 2.774E-15
= 2.879E-15
= 1.906E-14
= 1.974E-14
= 2.043E-14
= 2.112E-14
03
= 1.213E-06
= 4.369E-08
= 1.788E-07
= 1.202E-01
= 8.018E-08
= 6.223E-07
= 3.435E-07
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FBi
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBDI-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
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= 1.039E-07
= 2.556E-08
= 5.991E-02
= 3.456E-07
= 3.746E-07
= 1.927E-07
= 1.016E-07
= 1.485E-07
= 5.589E-08
= 5.934E-08
= 1.277E-07
= 1.523E-08
= 1.421E-08
= 1.315E-08
= 6.271E-13
= 2.462E-08
= 1.025E-07
= 1.239E-11
= 9.593E-12
= 7.505E-12
= 4.318E-12
= 7.339E-22
= 8.037E-21
= 8.305E-21
= 8.623E-21
= 3.410E-21
= 3.727E-22
= 3.877E-19
= 3.985E-22
= 4.118E-19
= 1.586E-12
= 7.238E-08
= 2.230E-08
= 5.986E-02
= 2.394E-07
= 2.591E-07
= 1.331E-07
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FBI-
4.0035E-03 P(
= 2.068E-06
= 1.212E-08
= 5.305E-08
= 7.950E-01
= 6.371E-09
= 5.324E-07
= 3.384E-07
= 2.161E-08
= 2.290E-08
= 4.596E-08
= 9.855E-08
= 1.144E-07
= 1.415E-08
3.105E-08
3.291E-08
6. 605E-08
1.416E-07
1. 641E-07
2.026E-08
2.307E-08
2.382E-08
2.434E-08
8.150E-08
8. 613E-08
3. 597E-08
9.393E-08
9.429E-08
9.374E-08
3.847E-08
1.204E-15
1.251E-15
1. 301E-15
1. 352E-15
9.031E-15
9. 385E-15
9.754E-15
1.014E-14
1.053E-14
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBDl-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 6.830E-08
= 7.479E-08
= 3.822E-08
= 4.100E-08
= 4.915E-08
= 1.253E-11
= 1.237E-11
= 1.788E-11
= 8.665E-12
= 2.082E-08
= 2.204E-08
= 3.073E-07
= 2.396E-08
= 2.402E-08
= 2.384E-08
= 4.179E-13
= 7.495E-21
= 7.790E-21
= 8.097E-21
= 8.410E-21
= 7.769E-21
= 1.828E-22
= 1.919E-19
- 1.979E-22
= 5.541E-22
atm)= 5.2632E-02 T(K)= 2.0500E+03
C60B = 3.090E-13 C70A =
COR = 1.300E-07 HB =
XB = 3.720E-08 FB2Q =
H = 2.500E-02 H2 =
BGHIF = 2.137E-07 BGHIF- =
COR1- = 2.259E-07 COR2 =
COR3- = 1.371E-07 COR4 =
HB1 = 4.752E-08 HB1- =
HB3 = 5.203E-08 HB3- =
TB- = 2.660E-08 TB1 =
TB2- = 2.854E-08 TB3 =
TB4- = 3.425E-08 FB- =
FB2QR- = 8.832E-12 FB2QRD =
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
3. 185E-08
3.671E-08
1. 331E-07
1. 489E-07
3.226E-08
5. 535E-08
5. 709E-08
4.120E-08
2.449E-08
8.372E-08
2.238E-08
3.845E-08
3.886E-08
3.895E-08
3.862E-08
1. 181E-15
1.227E-15
1.276E-15
1. 326E-15
1. 378E-15
9.206E-15
9. 568E-15
9.943E-15
1. 033E-14
2. 608E-06
3.039E-08
1.256E-07
1.202E-01
5.604E-08
4.340E-07
2.391E-07
2.216E-08
2. 555E-08
9.259E-08
1.037E-07
2.249E-08
3.901E-08
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
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= 7.025E-08
= 1.032E-07
= 3.941E-08
= 4.339E-08
= 9.980E-08
= 1.414E-08
= 1.457E-08
= 1.488E-08
= 2.613E-12
= 2.139E-08
= 1.198E-07
= 2.149E-11
= 2.048E-11
= 2.036E-11
= 1.364E-11
= 3.502E-22
= 3.837E-21
= 3.968E-21
= 4.124E-21
= 4.803E-21
= 1.802E-22
= 1.882E-19
= 1.943E-22
= 2.021E-19
= 1.871E-12
= 5.034E-08
= 1.566E-08
= 5.983E-02
= 1.672E-07
= 1.806E-07
= 9.264E-08
= 4.887E-08
= 7.178E-08
= 2.743E-08
= 3.022E-08
= 6.966E-08
= 9.969E-09
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
1. 628E-08
1. 694E-08
1.745E-08
5.703E-08
6.063E-08
2.624E-08
7.197E-08
7.454E-08
7.708E-08
3.242E-08
5.830E-16
6.058E-16
6.295E-16
6.542E-16
4.372E-15
4.543E-15
4.721E-15
4.906E-15
5.098E-15
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
t(sec)= 5.0110E-03 P(atm)= 5.26
C60A = 2.640E-06 C60B
FLTHN = 8.419E-09 COR
FB = 3.665E-08 XB
AR = 7.950E-01 H
FLTHN- = 4.424E-09 BGHIF
COR1 = 3.691E-07 COR1-
COR3 = 2.343E-07 COR3-
HB- = 1.495E-08 HB1
HB2- = 1.584E-08 HB3
HB4- = 3.178E-08 TB-
TB2 = 6.813E-08 TB2-
TB4 = 7.905E-08 TB4-
FB1- = 9.778E-09 FB2QR-
FB3Q = 1.124E-08 FB3Q-
FB4Q = 1.170E-08 FB4Q-
FB5Q = 1.205E-08 FB5Q-
FB2 = 3.940E-08 FB2-
FB4 = 4.189E-08 FB4-
XB1- = 1.817E-08 XB2Q
= 8.780E-12
= 1.278E-11
= 6.230E-12
= 1.457E-08
= 1.552E-08
= 2.312E-07
= 1.839E-08
= 1.903E-08
= 1.965E-08
= 8.979E-13
= 3.629E-21
= 3.771E-21
= 3.919E-21
= 4.070E-21
= 3.761E-21
= 8.851E-23
= 9.288E-20
= 9.578E-23
= 6.255E-22
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
32E-02 T(K)= 2.0500E+03
= 3.274E-13 C70A =
= 9.017E-08 HB =
= 2.570E-08 FB2Q =
= 2.500E-02 H2 =
= 1.484E-07 BGHIF- =
= 1.566E-07 COR2 =
= 9.494E-08 COR4 =
= 3.287E-08 HB1- =
= 3.598E-08 HB3- =
= 1.839E-08 TB1 =
= 1.973E-08 TB3 =
= 2.367E-08 FB- =
= 6.102E-12 FB2QRD =
= 6.067E-12 FB3QD =
= 8.829E-12 FB4QD =
= 4.307E-12 FB5QD =
= 1.007E-08 FB3 =
= 1.072E-08 XB- =
= 1.603E-07 XB2QR =
4.051E-08
2.944E-08
1. 761E-08
5.873E-08
1. 581E-08
2.893E-08
3. O1E-08
3.111E-08
3.217E-08
5.720E-16
5.943E-16
6.176E-16
6.417E-16
6.669E-16
4.457E-15
4.631E-15
4.813E-15
5.001E-15
3. 671E-06
2. 102E-08
8. 672E-08
1.202E-01
3.889E-08
3.007E-07
1. 655E-07
1.533E-08
1. 767E-08
6.402E-08
7.168E-08
1. 554E-08
2. 696E-08
2.799E-08
2.034E-08
1. 217E-08
4.058E-08
1. 092E-08
2.007E-08
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
= 1.034E-08
= 1.065E-08
= 4.262E-12
= 1.501E-08
= 8.683E-08
= 1.647E-11
= 1.619E-11
= 1.674E-11
= 1.150E-11
= 1.696E-22
= 1.858E-21
= 1.921E-21
= 1.996E-21
= 5.459E-21
= 8.725E-23
= 9.111E-20
= 9.405E-23
= 9.782E-20
= 2.011E-12
= 3.481E-08
= 1.081E-08
= 5.980E-02
= 1.159E-07
= 1.251E-07
= 6.410E-08
= 3.380E-08
= 4.964E-08
= 1.896E-08
= 2.089E-08
= 4.813E-08
= 6.888E-09
= 7.147E-09
= 7.358E-09
= 5.441E-12
= 1.037E-08
= 6.010E-08
= 1.144E-11
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XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
= 5.001E-08
= 5.193E-08
= 5.390E-08
= 2.271E-08
= 2.790E-16
= 2.899E-16
= 3.012E-16
= 3.129E-16
= 2.092E-15
= 2.173E-15
= 2.258E-15
= 2.346E-15
= 2.437E-15
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
t(sec)= 6.0423E-03 P(atm)= 5.2
C60A = 3.043E-06 C60B
FLTHN = 5.798E-09 COR
FB = 2.514E-08 XB
AR = 7.950E-01 H
FLTHN- = 3.046E-09 BGHIF
COR1 = 2.538E-07 COR1-
COR3 = 1.610E-07 COR3-
HB- = 1.027E-08 HB1
HB2- = 1.088E-08 HB3
HB4- = 2.182E-08 TB-
TB2 = 4.676E-08 TB2-
TB4 = 5.424E-08 TB4-
FB1- = 6.708E-09 FB2QR-
FB3Q = 7.707E-09 FB3Q-
FB4Q = 8.018E-09 FB4Q-
FB5Q = 8.260E-09 FB5Q-
FB2 = 2.703E-08 FB2-
FB4 = 2.872E-08 FB4-
XBl- = 1.246E-08 XB2Q
XB2QRD = 3.428E-08 XB2QRD-
XB3QD = 3.560E-08 XB3QD-
XB4QD = 3.694E-08 XB4QD-
XB5QD = 1.557E-08 XB5QD-
HBHBD2 = 1.315E-16 HBHBD2-
HBHBD4 = 1.366E-16 HBHBD4-
= 1.278E-08
= 1.326E-08
= 1.375E-08
= 1.264E-12
= 1.737E-21
= 1.804E-21
= 1.875E-21
= 1.947E-21
= 1.799E-21
= 4.233E-23
= 4.441E-20
= 4.579E-23
= 6.606E-22
632E-02 T(K)
= 3.363E-13
= 6.204E-08
= 1.762E-08
= 2.500E-02
= 1.021E-07
= 1.077E-07
= 6.522E-08
= 2.256E-08
= 2.470E-08
= 1.263E-08
= 1.354E-08
= 1.624E-08
= 4.184E-12
= 4.159E-12
= 6.052E-12
= 2.953E-12
= 6.907E-09
= 7.354E-09
= 1.099E-07
= 8.760E-09
= 9.089E-09
= 9.423E-09
= 1.523E-12
= 8.187E-22
= 8.505E-22
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 2.0500E+03
C70A =
HB =
FB2Q =
H2 =
BGHIF- =
COR2 =
COR4 =
HB1- =
HB3- =
TBl =
TB3 =
FB- =
FB2QRD =
FB3QD =
FB4QD =
FB5QD =
FB3 =
XB- =
XB2QR =
XB3Q =
XB4Q =
XB5Q =
HBHBD1 =
HBHBD3 =
HBHBD5 =
2.086E-08
2. 169E-08
2.251E-08
2.737E-16
2.844E-16
2.955E-16
3.070E-16
3.190E-16
2. 132E-15
2.215E-15
2.301E-15
2.391E-15
4.424E-06
1.443E-08
5.946E-08
1.202E-01
2.677E-08
2.067E-07
1. 136E-07
1.053E-08
1. 213E-08
4.394E-08
4.919E-08
1.066E-08
1. 848E-08
1.919E-08
1. 395E-08
8.347E-09
2.783E-08
7.489E-09
1.375E-08
1. 429E-08
1.486E-08
1. 543E-08
1.291E-16
1.341E-16
1.393E-16
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
= 1.128E-11
= 1.171E-11
= 8.055E-12
= 8.115E-23
= 8.889E-22
= 9.189E-22
= 9.548E-22
= 5.782E-21
= 4.173E-23
= 4.357E-20
= 4.497E-23
= 4.676E-20
= 2.079E-12
= 2.389E-08
= 7.414E-09
= 5.978E-02
= 7.975E-08
= 8.598E-08
= 4.401E-08
= 2.320E-08
= 3.408E-08
= 1.302E-08
= 1.433E-08
= 3.301E-08
= 4.723E-09
= 4.900E-09
= 5.045E-09
= 6.271E-12
= 7.112E-09
= 4.120E-08
= 7.844E-12
= 7.732E-12
= 8.025E-12
= 5.521E-12
= 3.826E-23
= 4.190E-22
= 4.331E-22
-298-
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
1.420E-16
1.475E-16
9.858E-16
1.024E-15
1.064E-15
1. 105E-15
1. 148E-15
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
t(sec)= 7.0649E-03 P(atm)= 5.2632E-02
C60A = 3.318E-06 C60B = 3.4
FLTHN = 4.005E-09 COR = 4.2
FB = 1.732E-08 XB = 1.2
AR = 7.950E-01 H = 2.5
FLTHN- = 2.104E-09 BGHIF = 7.0
COR1 = 1.751E-07 COR1- = 7.4
COR3 = 1.110E-07 COR3- = 4.4
HB- = 7.076E-09 HB1 = 1.5
HB2- = 7.497E-09 HB3 = 1.7
HB4- = 1.504E-08 TB- = 8.7
TB2 = 3.222E-08 TB2- = 9.3
TB4 = 3.737E-08 TB4- = 1.1
FB1- = 4.621E-09 FB2QR- = 2.8
FB3Q = 5.307E-09 FB3Q- = 2.8
FB4Q = 5.520E-09 FB4Q- = 4.1
FB5Q = 5.686E-09 FB5Q- = 2.0
FB2 = 1.862E-08 FB2- = 4.7
FB4 = 1.978E-08 FB4- = 5.0
XB1- = 8.576E-09 XB2Q = 7.5
XB2QRD = 2.360E-08 XB2QRD- = 6.0
XB3QD = 2.450E-08 XB3QD- = 6.2
XB4QD = 2.542E-08 XB4QD- = 6.4
XB5QD = 1.071E-08 XB5QD- = 1.7
HBHBD2 = 6.250E-17 HBHBD2- = 3.E
HBHBD4 = 6.492E-17 HBHBD4- = 4.C
HBHBD6 = 6.744E-17 HBHBD6- = 4.
HBHBD8 = 7.006E-17 HBHBD8- = 4..
TBHBD1 = 4.683E-16 TBHBD1- = 4.C
TBHBD3 = 4.865E-16 TBHBD3- = 9.
TBHBD5 = 5.054E-16 TBHBD5- = 9.
TBHBD7 = 5.250E-16 TBHBD7- = 1.C
= 8.836E-22 HBHBD7
= 9.174E-22 HBHBD9
= 8.479E-22 TBHBD2
= 1.995E-23 TBHBD4
= 2.093E-20 TBHBD6
= 2.158E-23 TBHBD8
= 6.777E-22
T(K)= 2.0500E+03
05E-13 C70A =
82E-08 HB =
13E-08 FB2Q =
OOE-02 H2 =
51E-08 BGHIF- -
28E-08 COR2 =
97E-08 COR4 =
55E-08 HB1- =
02E-08 HB3- =
02E-09 TB1 =
31E-09 TB3 =
19E-08 FB- =
82E-12 FB2QRD =
64E-12 FB3QD =
67E-12 FB4QD =
35E-12 FB5QD
58E-09 FB3 =
65E-09 XB- =
63E-08 XB2QR
30E-09 XB3Q
56E-09 XB4Q
84E-09 XB5Q
OOE-12 HBHBD1 =
90E-22 HBHBD3 =
41E-22 HBHBD5 =
198E-22 HBHBD7 =
58E-22 HBHBD9 =
028E-22 TBHBD2
476E-24 TBHBD4
941E-21 TBHBD6
025E-23 TBHBD8
= 1.447E-16
= 1.503E-16
= 1.005E-15
= 1.044E-15
= 1.084E-15
= 1.127E-15
4.936E-06
9.945E-09
4.094E-08
1.203E-01
1.848E-08
1.426E-07
7.834E-08
7.257E-09
8.362E-09
3.028E-08
3.389E-08
7.345E-09
1.273E-08
1.322E-08
9. 602E-09
5.752E-09
1.917E-08
5.158E-09
9.464E-09
9.837E-09
1.023E-08
1.062E-08
6.132E-17
6.370E-17
6.617E-17
6.874E-17
7.141E-17
4.773E-16
4.959E-16
5.151E-16
5.351E-16
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
4.500E-22
5.939E-21
1.967E-23
2.053E-20
2.119E-23
2.203E-20
= 2.111E-12
= 1.646E-08
= 5.106E-09
= 5.977E-02
= 5.504E-08
= 5.931E-08
= 3.034E-08
= 1.599E-08
= 2.349E-08
= 8.970E-09
= 9.878E-09
= 2.274E-08
= 3.253E-09
= 3.374E-09
= 3.474E-09
= 6.837E-12
= 4.898E-09
= 2.837E-08
= 5.399E-12
= 5.322E-12
= 5.523E-12
= 3.799E-12
= 1.818E-23
= 1.991E-22
= 2.058E-22
= 2.138E-22
= 6.012E-21
= 9.343E-24
= 9.753E-21
= 1.006E-23
= 1.046E-20
-299-
TBHBD9 = 5.453E-16 TBHBD9- = 6.857E-22
t(sec)= 8.0089E-03
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBDS
TBHBD7
TBHBD9
t(sec)=
C60A
FLTHN
FB
P(atm)= 5.2632E-02
3.494E-06
2.846E-09
1.229E-08
7.950E-01
1.495E-09
1. 244E-07
7.882E-08
5.022E-09
5.321E-09
1.067E-08
2.286E-08
2.652E-08
3.278E-09
3.763E-09
3.915E-09
4.032E-09
1.321E-08
1.403E-08
6.082E-09
1. 673E-08
1.737E-08
1.802E-08
7. 594E-09
3.148E-17
3.270E-17
3.397E-17
3. 528E-17
2.359E-16
2.450E-16
2. 545E-16
2. 643E-16
2. 746E-16
T(K)= 2.0500E+03
C60B
COR
XB
H
BGHIF
COR1-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
9.0316E-03 P(atm)= 5.2632E-02
= 3.628E-06 C60B = 3.4
= 1.965E-09 COR = 2.1
= 8.474E-09 XB = 5.9
= 3.423E-13
= 3.042E-08
= 8.605E-09
= 2.500E-02
= 5.009E-08
= 5.275E-08
= 3.192E-08
= 1.104E-08
= 1.208E-08
= 6.175E-09
= :6.621E-09
= 7.940E-09
= 2.044E-12
= 2.031E-12
= 2.955E-12
= 1.445E-12
= 3.375E-09
= 3.592E-09
= 5.362E-08
= 4.276E-09
= 4.435E-09
= 4.597E-09
= 1.813E-12
= 1.959E-22
= 2.035E-22
= 2.114E-22
= 2.195E-22
= 2.029E-22
= 4.772E-24
= 5.006E-21
= 5.160E-24
= 6.893E-22
T(K)= 2.0500E+O
33E-13 C70A
OOE-08 HB
34E-09 FB2Q
C70A
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
= 5.266E-06
= 7.058E-09
= 2.904E-08
= 1.203E-01
= 1.313E-08
= 1.012E-07
= 5.561E-08
= 5.151E-09
= 5.935E-09
= 2.149E-08
= 2.405E-08
= 5.210E-09
= 9.030E-09
= 9.374E-09
= 6.810E-09
= 4.084E-09
= 1.360E-08
= 3.658E-09
= 6.710E-09
= 6.974E-09
= 7.249E-09
= 7.524E-09
= 3.089E-17
= 3.208E-17
= 3.333E-17
= 3.462E-17
= 3.596E-17
= 2.404E-16
= 2.497E-16
= 2.594E-16
= 2.694E-16
3
= 5.516E-06
= 4.869E-09
= 2.003E-08
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
-300-
= 2.126E-12
= 1.168E-08
= 3.621E-09
= 5.977E-02
= 3.909E-08
= 4.211E-08
= 2.153E-08
= 1.135E-08
= 1.667E-08
= 6.365E-09
= 7.008E-09
= 1.613E-08
= 2.307E-09
= 2.393E-09
= 2.463E-09
= 7.201E-12
= 3.475E-09
= 2.012E-08
= 3.828E-12
= 3.773E-12
= 3.915E-12
= 2.693E-12
= 9.156E-24
= 1.003E-22
= 1.036E-22
= 1.077E-22
= 6.045E-21
= 4.705E-24
= 4.911E-21
= 5.068E-24
= 5.269E-21
= 2.133E-12
= 8.059E-09
= 2.497E-09
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
FB5Q
FB2
FB4
XBl-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
7.950E-01
1. 032E-09
8.585E-08
5.439E-08
3.465E-09
3.671E-09
7.363E-09
1.577E-08
1.829E-08
2.261E-09
2.595E-09
2. 699E-09
2.780E-09
9.108E-09
9.678E-09
4.194E-09
1. 154E-08
1. 198E-08
1.243E-08
5.236E-09
1.499E-17
1. 557E-17
1.617E-17
1. 679E-17
1. 123E-16
1.166E-16
1.211E-16
1.258E-16
1.307E-16
H
BGHIF
COR1-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 2.500E-02
= 3.459E-08
= 3.641E-08
= 2.203E-08
= 7.615E-09
= 8.335E-09
= 4.260E-09
= 4.568E-09
= 5.477E-09
= 1.410E-12
= 1.401E-12
= 2.038E-12
= 9.984E-13
= 2.328E-09
= 2.478E-09
= 3.697E-08
= 2.948E-09
= 3.058E-09
= 3.169E-09
= 1.899E-12
= 9.327E-23
= 9.688E-23
= 1.006E-22
= 1.045E-22
= 9.656E-23
= 2.271E-24
= 2.382E-21
= 2.456E-24
= 6.912E-22
1.OOOE-02 P(atm)= 5.2632E-02 T(K)= 2.0500E+03
= 3.717E-06 C60B = 3.438E-13 C70A =
= 1.384E-09 COR = 1.479E-08 HB =
= 5.964E-09 XB = 4.176E-09 FB2Q =
= 7.950E-01 H = 2.500E-02 H2 =
= 7.271E-10 BGHIF = 2.436E-08 BGHIF- =
= 6.045E-08 COR1- = 2.564E-08 COR2 =
= 3.829E-08 COR3- = 1.551E-08 COR4 =
= 2.439E-09 HB1 = 5.360E-09 HB1- =
= 2.584E-09 HB3 = 5.866E-09 HB3- =
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
1.203E-01
9.065E-09
6.986E-08
3.837E-08
3.554E-09
4.095E-09
1.482E-08
1.659E-08
3.594E-09
6.227E-09
6.464E-09
4.696E-09
2.822E-09
9.377E-09
2. 523E-09
4. 626E-09
4.808E-09
4.997E-09
5. 187E-09
1. 470E-17
1. 527E-17
1.586E-17
1. 648E-17
1. 712E-17
1. 144E-16
1.189E-16
1.234E-16
1. 282E-16
5. 681E-06
3.427E-09
1. 409E-08
1.203E-01
6.384E-09
4.919E-08
2.701E-08
2. 501E-09
2.882E-09
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
-301-
5.976E-02
2. 699E-08
2.906E-08
1.486E-08
7.831E-09
1. 150E-08
4.391E-09
4.835E-09
1. 113E-08
1. 591E-09
1. 650E-09
1.699E-09
7.477E-12
2.396E-09
1. 388E-08
2.639E-12
2.601E-12
2. 699E-12
1.857E-12
4.358E-24
4.773E-23
4.933E-23
5. 124E-23
6.063E-21
2.240E-24
2.338E-21
2.412E-24
2.508E-21
2. 137E-12
5.672E-09
1.757E-09
5.976E-02
1.900E-08
2.046E-08
1. 046E-08
5. 512E-09
8.094E-09
HB4-
TB2
TB4
FBI-
FB3Q
FB4Q
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9 = 6.474E-17
= 5.183E-09
= 1.lOE-08
= 1.287E-08
= 1.591E-09
= 1.826E-09
= 1.899E-09
= 1.956E-09
= 6.409E-09
= 6.810E-09
= 2.951E-09
= 8.116E-09
= 8.425E-09
= 8.741E-09
= 3.685E-09
= 7.424E-18
= 7.712E-18
= 8.010E-18
= 8.319E-18
= 5.562E-17
= 5.777E-17
= 6.001E-17
= 6.232E-17
2.0124E-02 P(atm)=
= 3.921E-06 C60B
= 3.545E-11 COR
= 1.524E-10 XB
= 7.950E-01 H
= 1.862E-11 BGHIF
= 1.547E-09 COR1-
= 9.794E-10 COR3-
= 6.237E-11 HB1
= 6.607E-11 HB3
= 1.325E-10 TB-
= 2.838E-10 TB2-
= 3.290E-10 TB4-
= 4.066E-11 FB2QI
= 4.665E-11 FB3Q-
= 4.852E-11 FB4Q-
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
5.2632E-02 T(K)
= 3.443E-13
= 3.785E-10
= 1.067E-10
= 2.500E-02
= 6.237E-10
= 6.559E-10
= 3.966E-10
= 1.370E-10
= 1.500E-10
= 7.666E-11
= 8.218E-11
= 9.852E-11
= 2.535E-14
= 2.519E-14
= 3.663E-14
= 2.998E-09
= 3.215E-09
= 3.854E-09
= 9.920E-13
= 9.858E-13
= 1.434E-12
= 7.044E-13
=, 1.638E-09
= 1.743E-09
= 2.601E-08
= 2.074E-09
= 2.151E-09
= 2.229E-09
= 1.956E-12
= 4.621E-23
= 4.800E-23
= 4.985E-23
= 5.176E-23
= 4.784E-23
= 1.125E-24
= 1.180E-21
= 1.217E-24
= 6.921E-22
= 2.0500E+03
C70A =
HB =
FB2Q =
H2 =
BGHIF- =
COR2 =
COR4 =
HB1- =
HB3- =
TB1 =
TB3 =
FB- =
FB2QRD =
FB3QD =
FB4QD =
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
6.063E-06
8.762E-11
3.600E-10
1.203E-01
1. 634E-10
1.258E-09
6.907E-10
6.396E-11
7.369E-11
2.667E-10
2.984E-10
6.464E-11
1. 120E-10
1. 162E-10
8.441E-11
= 1.043E-08
= 1.167E-08
= 2.529E-09
= 4.382E-09
= 4.549E-09
= 3.304E-09
= 1.991E-09
= 6.598E-09
= 1.775E-09
= 3.255E-09
= 3.382E-09
= 3.515E-09
= 3.648E-09
= 7.285E-18
= 7.567E-18
= 7.859E-18
= 8.163E-18
= 8.482E-18
= 5.668E-17
= 5.888E-17
= 6.115E-17
= 6.352E-17
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XB5Q-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
2.140E-12
1. 450E-10
4.489E-11
5.975E-02
4.864E-10
5.234E-10
2.674E-10
1. 409E-10
2.069E-10
7.901E-11
8.697E-11
2.001E-10
2.861E-11
2.967E-11
3.054E-11
-302-
= 3.091E-09
= 3.403E-09
= 7.830E-09
= 1.120E-09
= 1.161E-09
= 1.195E-09
= 7.659E-12
= 1.686E-09
= 9.763E-09
= 1.857E-12
= 1.830E-12
= 1.899E-12
= 1.307E-12
= 2.159E-24
= 2.365E-23
= 2.444E-23
= 2.539E-23
= 6.071E-21
= 1.1IOE-24
= 1.158E-21
= 1.195E-24
= 1.242E-21
t(sec)=
C60A
FLTHN
FB
AR
FLTHN-
COR1
COR3
HB-
HB2-
HB4-
TB2
TB4
FB1-
FB3Q
FB4Q
I
FB5Q
FB2
FB4
XB1-
XB2QRD
XB3QD
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
= 4.998E-11
= 1.638E-10
= 1.740E-10
= 7.539E-11
= 2.073E-10
= 2.152E-10
= 2.232E-10
= 9.879E-11
= 4.854E-21
= 5.041E-21
= 5.236E-21
= 5.438E-21
= 3.636E-20
= 3.776E-20
= 3.922E-20
= 4.073E-20
= 4.295E-20
t(sec)= 5.OOOE-02
C60A = 3.927E-C
FLTHN = 7.117E-3
FB = 3.060E-3
AR = 7.950E-C
FLTHN- = 3.738E-3
COR1 = 3.106E-]
COR3 = 1.966E-]
HB- = 1.252E-]
HB2- = 1.326E-]
HB4- = 2.660E-1
TB2 = 5.697E-1
TB4 = 6.605E-."
FB1- = 8.164E-]
FB3Q = 9.366E-:
FB4Q = 9.741E-:
FB5Q = 1.631E-:
FB2 = 3.288E-:'
FB4 = 3.494E-:
XB1- = 1.513E-:
XB2QRD = 4.162E-:
XB3QD = 4.320E-:
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 2.445E-14
= 4.186E-11
= 4.455E-11
= 6.642E-10
= 5.297E-11
= 5.494E-11
= 5.693E-11
= 2.087E-12
= 3.021E-26
= 3.138E-26
= 3.259E-26
= 5.103E-26
= 3.127E-26
= 7.355E-28
= 7.714E-25
= 7.951E-28
= 6.930E-22
P(atm)= 5.2632E-02
C60B
COR
XB
H
BGHIF
COR1-
COR3-
HB1
HB3
TB-
TB2-
TB4-
FB2QR-
FB3Q-
FB4Q-
FB5Q-
FB2-
FB4-
XB2Q
XB2QRD-
XB3QD-
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
XB5Q
HBHBD1
HBHBD3
HBHBD5
HBHBD7
HBHBD9
TBHBD2
TBHBD4
TBHBD6
TBHBD8
T(K)= 2.0500E+03
= 3.443E-13
= 7.600E-15
= 2.142E-15
= 2.500E-02
= 1.252E-14
= 1.317E-14
= 7.963E-15
= 2.751E-15
= 3.011E-15
= 1.539E-15
= 1.650E-15
= 1.978E-15
= 5.089E-19
= 5.057E-19
= 7.360E-19
= 6.622E-15
= 8.404E-16
= 8.944E-16
= 1.334E-14
= 1.064E-15
= 1.103E-15
C70A
HB
FB2Q
H2
BGHIF-
COR2
COR4
HB1-
HB3-
TB1
TB3
FB-
FB2QRD
FB3QD
FB4QD
FB5QD
FB3
XB-
XB2QR
XB3Q
XB4Q
= 6.909E-11
= 1.686E-10
= 4.536E-11
= 8.312E-11
= 8.637E-11
= 8.976E-11
= 9.316E-11
= 4.763E-21
= 4.947E-21
= 5.138E-21
= 5.336E-21
= 8.362E-21
= 3.705E-20
= 3.848E-20
= 3.997E-20
= 4.151E-20
= 6.073E-06
= 1.759E-15
= 7.228E-15
= 1.203E-01
= 3.281E-15
= 2.526E-14
= 1.387E-14
= 1.284E-15
= 1.479E-15
= 5.355E-15
= 5.992E-15
= 1.298E-15
= 2.248E-15
= 2.333E-15
= 1.696E-15
= 1.872E-11
= 3.385E-15
= 9.107E-16
= 1.669E-15
= 1.734E-15
= 1.802E-15
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
XBSQ-
HBHBD1-
HBHBD3-
HBHBD5-
HBHBD7-
HBHBD9-
TBHBD2-
TBHBD4-
TBHBD6-
TBHBD8-
C70B
TB
FB2QR
C2H2
COR-
COR2-
COR4-
HB2
HB4
TB1-
TB3-
FB1
FB2QRD-
FB3QD-
FB4QD-
FB5QD-
FB3-
XB1
XB2QR-
XB3Q-
XB4Q-
= 8.081E-12
= 4.309E-11
= 2.494E-10
= 4.743E-14
4.674E-14
= 4.849E-14
= 3.503E-14
= 1.412E-27
= 1.546E-26
= 1.598E-26
= 1.659E-26
= 6.079E-21
= 7.253E-28
= 7.569E-25
= 7.810E-28
= 8.241E-25
= 2.140E-12
= 2.911E-15
= 9.013E-16
= 5.975E-02
= 9.765E-15
= 1.051E-14
= 5.369E-15
= 2.829E-15
= 4.154E-15
= 1.586E-15
= 1.746E-15
= 4.017E-15
= 5.744E-16
= 5.957E-16
= 6.141E-16
= 8.092E-12
= 8.652E-16
= 5.008E-15
= 9.522E-19
= 9.383E-19
= 9.736E-19
-303-
= 4.482E-15
= 4.837E-12
= 1.955E-30
= 2.028E-30
= 2.106E-30
= 1.589E-26
= 1.466E-29
= 1.520E-29
= 1.578E-29
= 1.638E-29
= 6.408E-22
XB4QD-
XB5QD-
HBHBD2-
HBHBD4-
HBHBD6-
HBHBD8-
TBHBD1-
TBHBD3-
TBHBD5-
TBHBD7-
TBHBD9-
= 1.143E-15 XB5Q
= 2.091E-12 HBHBD1
= 1.216E-35 HBHBD3
= 1.262E-35 HBHBD5
= 1.324E-35 HBHBD7
= 1.720E-26 HBHBD9
= 1.259E-35 TBHBD2
= 2.960E-37 TBHBD4
= 3.102E-34 TBHBD6
= 1.748E-34 TBHBD8
= 6.930E-22
= 5.832E-15 XB5Q- = 1.715E-15
= 1.920E-30 HBHBD1- = 5.686E-37
= 1.991E-30 HBHBD3- = 6.220E-36
= 2.066E-30 HBHBD5- = 6.425E-36
= 2.168E-30 HBHBD7- = 4.843E-32
= 2.820E-21 HBHBD9- = 6.079E-21
= 1.492E-29 TBHBD2- = 2.920E-37
= 1.548E-29 TBHBD4- = 3.045E-34
= 1.607E-29 TBHBD6- = 3.140E-37
= 1.137E-26 TBHBD8- = 1.229E-26
-304-
XB4QD
XB5QD
HBHBD2
HBHBD4
HBHBD6
HBHBD8
TBHBD1
TBHBD3
TBHBD5
TBHBD7
TBHBD9
Appendix F -- Thermodynamic Properties
Fullerene Formation Mechanism
Direct Pathway
Type 1 (including type 5-1)
for Reactions
FLTHN + H = FLTHN- + H2
dHr (kcal/moL) (298K) = 7.96 dHr avg (298., 1500. K) = 7.30
cU (dE) (kcal/mol) (") = 7.96 cJr avg (298., 1500. K) = 7.30
dSr {cal/mol K) ( " ) = 6.32 dSr avg (298., 1500. K) = 5.75
dGr (kcat/mol) ( " ) = 6.07 dGr avg (298., 1500. K) = 2.13
Kc ( ) = 3.534E-05 Kc avg (298., 1500. K ) = 3.030E-01
T (K) dH(Kcal/mol) dU(Kcal/mot) dS(cal/mo K) Kc dG(Kcal/mol)
1800.00 6.135E+00 6.135E+00 4.867E+00 2.084E+00 -2.626E+00
2050.00 5.719E+00 5.719E+00 4.651E+00 2.551E+00 -3.815E+00
2200.00 5.477E+00 5.477E+00 4.537E+00 2.802E+00 -4.504E+00
BGHIF + H
dHr (kcal/mot) (298K)
dU (dE) (kcal/moL) (")
dSr (cal/mot K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 6.135E+00
2050.00 5.715E+00
2200.00 5.470E+00
COR + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mot) (")
dSr (caL/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 6.134E+00
2050.00 5.714E+00
2200.00 5.468E+00
COR1
dHr (kcal/mot) (298K
dU (dE) (kcal/mot) (")
dSr (cat/mot K) ( " )
dGr (kcal/mot) (" )
Kc (")
T (K) dH(Kcal/mo
1800.00 4.135E+0
2050.00 3.718E+0
2200.00 3.474E+0
COR2 + H
dHr (kcal/moL) (298K)
dU (dE) (kcal/mot) (")
dSr (cal/mol K) ( "
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.135E+00
2050.00 3.721E+00
2200.00 3.480E+00
= BGHIF- + H2
= 7.96 dHr avg (298., 1500. K
= 7.96 dir avg (298., 1500. K
= 4.94 dSr avg (298., 1500. K
= 6.48 dGr avg (298., 1500. K
= 1.764E-05 Kc avg (298., 1500. K
dU(Kcal/mol) dS(cal/mo K) Kc
6.135E+00 3.487E+00 1.041E+00
5.715E+00 3.269E+00 1.274E+00
5.470E+00 3.153E+00 1.399E+00
= COR- + H2
= 7.96 dHr avg (298., 1500. K
= 7.96 dUr avg (298., 1500. K
= 8.14 dSr avg (298., 1500. K
= 5.53 dGr avg (298., 1500. K
= 8.831E-05 Kc avg (298., 1500. K
dJ(Kcat/mol) dS(cal/mot K) Kc
6.134E+00 6.687E+00 5.208E+00
5.714E+00 6.468E+00 6.376E+00
5.468E+00 6.352E+00 7.002E+00
= COR1- + H2
)
)
)
)
)
= 5.96 dHr avg (298., 1500. K)
= 5.96 dkr avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K )
cid(Kcal/mot) dS(cal/mol K) Kc
0 4.135E+00 3.487E+00 1.820E+00
0 3.718E+00 3.270E+00 2.082E+00
0 3.474E+00 3.156E+00 2.211E+00
= COR2- + H2
= 5.96 dHr avg (298., 1500. K)
5.96 dUr avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K )
cJ(KcaL/mol) dS(cal/moL K) Kc
4.135E+00 3.488E+00 1.820E+00
3.721E+00 3.272E+00 2.082E+00
3.480E+00 3.159E+00 2.211E+00
= 7.81
= 7.81
= 4.80
= 3.49
= 1.415E-01
dG(Kcal/moL)
-1.421E-01
-9.858E-01
-1.467E+00
= 7.81
= 7.81
= 8.00
= .62
= 7.081E-01
dG(KcaL/mot)
-5.902E+00
-7.546E+00
-8.507E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mot)
-2.142E+00
-2.986E+00
-3.468E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mot)
-2.142E+00
-2.986E+00
-3.469E+00
= COR3- + H2
in the
COR3
-305-
+ H
dHr (kcal/mol) (298K) =
dU (dE) (kcat/mot) (") =
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " ) =
Kc (") =
T (K) dH(Kcal/mol)
1800.00 4.136E+00
2050.00 3.724E+00
2200.00 3.485E+00
COR4 + H
dHr (kcal/mol) (298K) =
di (dE) (kcal/mot} (") =
dSr (cal/mol K) ( " ) =
dGr (kcal/mol} ( " ) =(
Kc (") =
T (K) dH(Kcal/mot)
1800.00 4.139E+00
2050.00 3.728E+00
2200.00 3.490E+00
HB
4.
3.
3.
5.96 dHr avg (298., 1500. K
5.96 dUr avg (298., 1500. K
4.94 dSr avg (298., 1500. K
4.48 dGr avg (298., 1500. K
5.161E-04 Kc avg (298., 1500. K
cal/mol) dS(cal/mol K) Kc
136E+00 3.488E+00 1.820E+00
724E+00 3.273E+00 2.082E+00
485E+00 3.161E+00 2.211E+00
COR4- + H2
5.96 dHr avg (298., 1500. K
5.96 dir avg (298., 1500. K
4.94 dSr avg (298., 1500. K
4.48 dGr avg (298., 1500. K
5.161E-04 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cat/mol K) Kc
4.139E+00 3.490E+00 1.821E+00
3.728E+00 3.276E+00 2.083E+00
3.490E+00 3.164E+00 2.213E+00
= HB-
dHr (kcal/mot) (298K)
di (dE) (kcal/mol) (")
dSr (caL/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 2.710E+00
2050.00 2.226E+00
2200.00 1.928E+00
+ H2
= 3.81 dHr avg (298., 1500. K
= 3.81 dir avg (298., 1500. K
= 8.08 dSr avg (298., 1500. K
= 1.40 dGr avg (298., 1500. K
= 9.445E-02 Kc avg (298., 1500. K
ci(Kcal/mot) dS(cal/mot K) Kc
2.710E+00 7.818E+00 2.397E+01
2.226E+00 7.566E+00 2.608E+01
1.928E+00 7.426E+00 2.701E+01
5.81
= 5.81
4.80
1.49
= 4.334E-01
dG(KcaL/mol)
-2.142E+00
-2.987E+00
-3.469E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.335E-01
dG(Kcal/mol)
-2.144E+00
-2.989E+00
-3.472E+00
= 3.94
= 3.94
= 8.45
= -3.66
= 7.763E+00
dG(Kcal/mol)
-1.136E+01
-1.328E+01
-1.441E+01
HB1 + H = HB1-
dHr (kcaL/mol) (298K)
di (dE) (kcal/mot)
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 2.710E+00
2050.00 2.227E+00
2200.00 1.932E+00
+ H2
= 3.81 dHr avg (298., 1500. K) = 3.94
= 3.81 dir avg (298., 1500. K) = 3.94
= 4.88 dSr avg (298., 1500. K) = 5.25
= 2.35 dGr avg (298., 1500. K) = -.78
= 1.887E-02 Kc avg (298., 1500. K ) = 1.551E+00
di(Kcal/mot) dS(cat/mol K) Kc dG(Kcat/mot)
2.710E+00 4.617E+00 4.788E+00 -5.602E+00
2.227E+00 4.366E+00 5.211E+00 -6.724E+00
1.932E+00 4.227E+00 5.396E+00 -7.369E+00
HB2 + H = HB2-
dHr (kcal/mol) (298K) =
di (dE) (kcat/mot) (") =
dSr (cal/moL K) ( " ) =
dGr (kcal/mot) ( " ) =
Kc (") =
T (K) dH(Kcal/mol)
1800.00 2.709E+00
2050.00 2.228E+00
2200.00 1.934E+00
HB3 + H
dHr (kcal/mot) (298K) =
c (dE) (kcal/mol) (") =
dSr (cat/mol K) ( " ) =
dGr (kcal/mol) ( " ) =
Kc (") =
T (K) dH(Kcal/mot)
1800.00 2.709E+00
2050.00 2.229E+00
2200.00 1.936E+00
+ H2
3.81
3.81
4.88
2.35
1.887E-02
CJ(Kcal/mol)
2.709E+00
2.228E+00
1.934E+00
HB3-
dHr avg (298., 1500.
cir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(cal/mol K) Kc
4.617E+00 4.788E+00
4.367E+00 5.211E+00
4.228E+00 5.396E+00
+ H2
3.81
3.81
4.88
2.35
1.887E-02
dJ(Kcat/mol)
2.709E+00
2.229E+00
1.936E+00
dHr avg
dir avg
dSr avg
dGr avg
Kc avg
dS(cal/mol
4.617E+00
4.367E+00
4.229E+00
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500. K
K) Kc
4.788E+00
5.211E+00
5.396E+00
K) = 3.94
K) = 3.94
K) = 5.25
K) = -. 78
) = 1.551E+00
dG(Kcal/mol)
-5.602E+00
-6.724E+00
-7.369E+00
K)
K)
K)
K)
= 3.94
= 3.94
= 5.25
= -. 78
= 1.551E+00
dG(Kcal/mol)
-5.602E+00
-6.724E+00
-7.369E+00
HB4 + H = HB4-
dHr (kcat/mot) (298K) =
di (dE) (kcal/mot) (") =
dSr (cat/mol K) ( " ) =
+ H2
3.81
3.81
4.88
dHr avg
dir avg
dSr avg
(298., 1500. K)
(298., 1500. K)
(298., 1500. K)
-306-
3.94
3.94
5.25
dGr (kcal/mol) ( " ) = 2.35 dGr avg (298., 1500. K) = -.78
Kc ( " ) = 1.887E-02 Kc avg (298., 1500. K ) = 1.551E+00
T (K) dH(Kcal/mol) cJ(Kcal/moL) dS(cal/mol K) Kc dG(Kcal/mol)
1800.00 2.709E+00 2.709E+00 4.617E+00 4.788E+00 -5.602E+00
2050.00 2.230E+00 2.230E+00 4.368E+00 5.211E+00 -6.724E+00
2200.00 1.937E+00 1.937E+00 4.230E+00 5.396E+00 -7.369E+00
TB + H
dHr Ckcal/mol) (298K)
dU (dE) (kcaL/mol) (")
dSr (cal/mol K) ( )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 6.137E+00
2050.00 5.719E+00
2200.00 5.475E+00
TB1 + H
= TB- + H2
= 7.96 dHr avg (298., 1500. K) = 7.81
= 7.96 dUr avg (298., 1500. K) = 7.81
= 8.14 dSr avg (298., 1500. K) = 8.00
= 5.53 dGr avg (298., 1500. K) = .62
= 8.831E-05 Kc avg (298., 1500. K ) = 7.082E-01
dU(Kcal/mol) dS(cat/moL K) Kc dG(Kcal/mol)
6.137E+00 6.689E+00 5.210E+00 -5.903E+00
5.719E+00 6.471E+00 6.379E+00 -7.548E+00
5.475E+00 6.356E+00 7.005E+00 -8.510E+00
= TB1-
dHr (kcal/mol) (298K) =
dU (dE) (kcal/moL) (") =
dSr (caL/moL K) ( " ) =
dGr (kcal/mol) ( " ) =
Kc (") =
T (K) dH(Kcal/mot)
1800.00 4.389E+00
2050.00 3.867E+00
2200.00 3.538E+00
TB2 + H
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mot K) ( " )
dGr (kcat/mol} ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.135E+00
2050.00 3.716E+00
2200.00 3.472E+00
dU(K
4.
3.
3.
= TB2-
+ H2
5.96 dHr avg (298., 1500. K) = 5.81
5.96 dUr avg (298., 1500. K) = 5.81
4.94 dSr avg (298., 1500. K) = 4.81
4.48 dGr avg (298., 1500. K) = 1.49
5.161E-04 Kc avg (298., 1500. K ) = 4.351E-01
cal/mot) dS(cal/mol K) Kc dG(Kcal/mot)
389E+00 3.684E+00 1.872E+00 -2.242E+00
867E+00 3.413E+00 2.156E+00 -3.129E+00
538E+00 3.258E+00 2.294E+00 -3.630E+00
+ H2
= 5.96 dHr avg (298., 1500. K) = 5.81
= 5.96 dUr avg (298., 1500. K) = 5.81
= 4.94 dSr avg (298., 1500. K) = 4.80
= 4.48 dGr avg (298., 1500. K) = 1.49
= 5.161E-04 Kc avg (298., 1500. K ) = 4.334E-01
dU(Kcat/mot) dS(cal/mot K) Kc dG(Kcat/mot)
4.135E+00 3.487E+00 1.820E+00 -2.142E+00
3.716E+00 3.269E+00 2.082E+00 -2.986E+00
3.472E+00 3.154E+00 2.211E+00 -3.468E+00
TB3 + H = TB3-
dHr (kcal/moL) (298K) =
dU (dE) (kcal/mol) (") =
dSr (cat/mol K) ( " ) =
dGr (kcal/mot) ( " ) =
Kc (") =
T (K) dH(Kcal/mot)
1800.00 4.135E+00
2050.00 3.715E+00
2200.00 3.470E+00
TB4 + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mol) (")
dSr (cat/mot K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 4.135E+00
2050.00 3.715E+00
2200.00 3.469E+00
FB + H
dHr (kcal/mot) (298K)
dU (dE) (kcal/mot) (")
dSr (caL/mal K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcat/mot)
5.1
dU(Kcat
4.135
3.715E
3.470
= TB4-
+ H2
5.96 dHr avg (298., 1500. K) = 5.81
5.96 dUr avg (298., 1500. K) = 5.81
4.94 dSr avg (298., 1500. K) = 4.80
4.48 dGr avg (298., 1500. K) = 1.49
51E-04 Kc avg (298., 1500. K ) = 4.334E-01
/mot) dS(cal/moL K) Kc dG(Kcal/mol)
E+00 3.487E+00 1.820E+00 -2.142E+00
+00 3.269E+00 2.082E+00 -2.986E+00
E+00 3.154E+00 2.211E+00 -3.468E+00
+ H2
= 5.96 dHr avg (298., 1500. K) = 5.81
= 5.96 dUr avg (298., 1500. K) = 5.81
= 4.94 dSr avg (298., 1500. K) = 4.80
= 4.48 dGr avg (298., 1500. K) = 1.49
= 5.161E-04 Kc avg (298., 1500. K ) = 4.334E-01
dJ(Kcal/mot) dS(cat/mot K) Kc dG(Kcal/mot)
4.135E+00 3.487E+00 1.820E+00 -2.142E+00
3.715E+00 3.269E+00 2.082E+00 -2.986E+00
3.469E+00 3.153E+00 2.211E+00 -3.468E+00
= FB- + H2
= 7.96 dHr avg (298., 1500. K) = 7.81
= 7.96 dUr avg (298., 1500. K) = 7.81
= 8.14 dSr avg (298., 1500. K) = 8.00
= 5.53 dGr avg (298., 1500. K) = .62
= 8.831E-05 Kc avg (298., 1500. K ) = 7.081E-01
dU(Kcat/mol) dS(cal/moL K) Kc dG(Kcal/mot)
-307-
1800.00
2050.00
2200.00
FB1 + H
6.135E+00
5.714E+00
5.467E+00
6.135E+00
5.714E+00
5.467E+00
= FB1-
dHr {kcat/mol) (298K)
dU (dE) (kcal/mol) (")
dSr (cat/mol K) ( " )
dGr (kcal/m}t) ( " )
Kc (")
T (K) dH(Kcat/mot)
1800.00 4.135E+00
2050.00 3.713E+00
2200.00 3.466E+00
FB2QR + H = FB2QR-
dHr {kcat/mot) (298K) =
dU (dE) (kcat/mot) (") =
dSr (cal/mol K) ( " ) =
dGr (kcal
T (K)
1800.00
2050.00
2200.00
6.687E+00
6.468E+00
6.352E+00
5.209E+00
6.376E+00
7.002E+00
+ H2
= 5.96 dHr avg (298.,
= 5.96 dUr avg (298.,
= 4.94 dSr avg (298.,
= 4.48 dGr avg (298.,
- 5.161E-04 Kc avg (298.,
dU(Kcal/mol) dS(cal/mot K)
4.135E+00 3.487E+00 1.
3.713E+00 3.268E+00 2.
3.466E+00 3.152E+00 2.
+
7.96
7.96
4.94
/moL) ( " ) = 6.48
Kc ( " ) = 1.764E-05
dH(Kcal/mot) dU(Kcat/mol)
6.135E+00 6.135E+00
5.716E+00 5.716E+00
5.471E+00 5.471E+00
FB2QRD + H
dHr (kcaL/mat) (298K)
dU (dE) (kcal/moL) (")
dSr (cat/mot K) ( " )
dGr (kcal/mo} ( " )
Kc (I")
T (K) dH(Kcat/mol)
1800.00 4.137E+00
2050.00 3.716E+O
2200.00 3.470E+00
1500.
1500.
1500.
1500.
1500. K
Kc
820E+00
082E+00
211E+00
H2
dHr avg (298., 1500. K)
dUr avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
dS(cal/mol K) Kc
3.487E+00 1.041E+00
3.269E+00 1.274E+00
3.154E+00 1.399E+00
= FB2QRD- + H2
= 5.96 dHr avg (298., 1500.
= 5.96 dir avg (298., 1500.
= 4.94 dSr avg (298., 1500.
= 4.48 dGr avg (298., 1500.
= 5.161E-04 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cat/mot K) Kc
4.137E+00 3.489E+00 1.821E+00
3.716E+00 3.270E+00 2.082E+00
3.470E+00 3.154E+00 2.211E+00
-5.903E+00
-7.546E+00
-8.508E+00
5.81
5.81
4.80
1.49
= 4.334E-01
dG(Kcat/mol)
-2.143E+00
-2.986E+00
-3.468E+00
= 7.81
= 7.81
= 4.80
= 3.49
= 1.415E-01
dG(Kcal/mot)
-1.425E-01
-9.864E-01
-1.468E+00
1= 5.81
1= 5.81
1= 4.80
1= 1.49
= 4.334E-01
dG(Kcal/mol)
-2.143E+00
-2.988E+00
-3.469E+00
FB3Q + H
dHr (kcal/mol) (298K)
dU (dE) (kcat/mat) (")
dSr (cal/mot K) ( " )
dGr (kcat/mat) ( " )
Kc (I")
T (K) dH(Kcal/mot)
1800.00 6.137E+00
2050.00 5.717E+00
2200.00 5.471E+00
= FB3Q- + H2
= 7.96
= 7.96
= 4.94
= 6.48
= 1.764E-05
di(Kca l/mo)
6.137E+00
5.717E+00
5.471E+00
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
dS(cal/mol K) Kc
3.489E+00 1.041E+00
3.270E+00 1.274E+00
3.155E+00 1.400E+00
= 7.81
= 7.81
= 4.80
= 3.49
= 1.415E-01
dG(Kcal/moL)
-1.436E-01
-9.878E-01
-1.470E+00
FB3QD +H =
dHr (kcat/mot) (298K) =
di (dE) (kcat/mot) (") =
dSr (cat/mot K) ( " ) =
dGr (kcal/mol) ( " ) =
Kc (I") =
T (K) dH(Kcal/mat)
1800.00 4.137E+00
2050.00 3.716E+00
2200.00 3.470E+00
FB4Q +H =
dHr (kcal/mot) (298K) =
di (dE) (kcat/mo} (") =
dSr (cat/mol K) ( " )
dGr (kcat/mal} ( " ) =
T (K)
1800.00
2050.00
2200.00
Kc ( " )
dH(Kcal/mol)
6.137E+00
5.717E+00
5.471E+00
FB3QD- + H2
5.16
dJ(KcaL/
4.137E
3.716E
3.470E
5.96 dHr avg (298., 1500. K) = 5.81
5.96 dir avg (298., 1500. K) = 5.81
4.94 dSr avg (298., 1500. K) = 4.80
4.48 dGr avg (298., 1500. K) = 1.49
1E-04 Kc avg (298., 1500. K ) = 4.334E-01
mot) dS(cat/moL K) Kc dG(Kcal/mol)
+00 3.489E+00 1.821E+00 -2.143E+00
+00 3.270E+00 2.082E+00 -2.988E+00
+00 3.154E+00 2.211E+00 -3.469E+00
FB4Q- + H2
1.76
dU(Kcal/
6.137E
5.717E
5.471E
7.96 dHr avg (298., 1500. K)
7.96 dir avg (298., 1500. K)
4.94 dSr avg (298., 1500. K)
6.48 dGr avg (298., 1500. K)
4E-05 Kc avg (298., 1500. K )
mot) dS(cal/mot K) Kc
+00 3.489E+00 1.041E+00
+00 3.270E+00 1.274E+00
+00 3.155E+00 1.400E+00
= 7.81
= 7.81
= 4.80
= 3.49
= 1.415E-01
dG(Kcat/mol)
-1.435E-01
-9.877E-01
-1.469E+00
-308-
K
K
K
K
K)
K)
= FB4QD- + H2
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) ("1)
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( )
Kc (")
T (K) dH(Kcal/moL)
1800.00 4.137E+00
2050.00 3.716E+00
2200.00 3.470E+00
= 5.96 dHr avg (298., 1500. K) =
= 5.96 dUr avg (298., 1500. K) =
= 6.32 dSr avg (298., 1500. K) =
= 4.07 dGr avg (298., 1500. K) =
= 1.034E-03 Kc avg (298., 1500. K ) =
dU(Kcal/mol) dS(cal/mol K) Kc dG
4.137E+00 4.869E+00 3.647E+00 -i
3.716E+00 4.650E+00 4.170E+00 -1
3.470E+00 4.534E+00 4.429E+00 -
5.81
5.81
6.18
.25
8.680E-01
(Kcal/mol)
4.627E+00
.816E+00
6.505E+00
FB5Q = FB5Q- + H2
dHr (kcal/mol) (298K)
dU (dE) (kcal/mol} (")
dSr (cal/mot K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.137E+00
2050.00 3.718E+00
2200.00 3.474E+00
FB5QD + H
dHr (kcat/mot) (298K:
dU (dE) (kcat/mot) (")
dSr (cat/moL K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.129E+0(
2050.00 3.689E+0(
2200.00 3.427E+0(
FB2 + H
dHr (kcat/mol} (298K:
dU (dE) (kcal/moL) (")
dSr (cal/mot K) ( " )
dGr (kcaL/mot) ( " )
Kc (")
T (K) dH(Kcal/mo:
1800.00 4.135E+0(
2050.00 3.712E+0(
2200.00 3.464E+0(
FB3 + H
dHr (kcat/mot) (298K:
dU (dE) (kcal/moL) (")
dSr (cal/mot K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 4.135E+0(
2050.00 3.711E+0(
2200.00 3.462E+0(
FB4 + H
= 5.96 dHr avg
= 5.96 dUr avg
= 4.94 dSr avg
= 4.48 dGr avg
= 5.161E-04 Kc avg
cd(Kcat/mot) dS(cat/mol
4.137E+00 3.489E+00
3.718E+00 3.271E+00
3.474E+00 3.156E+00
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500. K)
1500. K)
1500. K)
1500. K)
1500. K )
Kc
1.821E+00
2.082E+00
2.212E+00
= FB5QD- + H2
= 5.96 dHr avg (298., 1500. K)
= 5.96 dir avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K )
dU(Kcal/mot) dS(cal/mol K) Kc
4.129E+00 3.484E+00 1.820E+00
3.689E+00 3.255E+00 2.081E+00
3.427E+00 3.132E+00 2.208E+00
= FB2- + H2
= 5.96 dHr avg (298., 1500. K)
= 5.96 dUr avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K )
di(Kcal/mol) dS(cat/mol K) Kc
4.135E+00 3.488E+00 1.820E+00
3.712E+00 3.267E+00 2.082E+00
3.464E+00 3.151E+00 2.211E+00
= FB3- + H2
5.96 dHr avg (298.,
5.96 dir avg (298.,
4.94 dSr avg (298.,
4.48 dGr avg (298.,
5.161E-04 Kc avg (298.,
di(Kcal/mol) dS(caL/mot K)
4.135E+00
3.711E+00
3.462E+00
= FB4-
dHr (kcal/mol) (298K) =
di (dE) (kcal/mol} (")
dSr (cat/mol K) C " ) =
dGr (kcal/mol} ( " ) =
Kc (") =
T (K) dH(Kcal/mot)
1800.00 4.135E+00
2050.00 3.710E+00
2200.00 3.461E+00
5.16
W(Kcal/
4.135E
3.710E
3.461 E
3.488E+00
3.267E+00
3.150E+00
1.
2.
2.
+ H2
5.96 dHr avg (298.,
5.96 dJr avg (298.,
4.94 dSr avg (298.,
4.48 dGr avg (298.,
1E-04 Kc avg (298.,
mot) dS(cal/mol K)
+00 3.488E+00 1.
+00 3.267E+00 2.
+00 3.150E+00 2.
1500. K)
1500. K)
1500. K)
1500. K)
1500. K )
Kc
821 E+00
082E+00
211E+00
1500. K)
1500. K)
1500. K)
1500. K)
1500. K )
Kc
821E+00
082E+00
211E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mol)
-2.143E+00
-2.988E+00
-3.470E+00
= 5.80
= 5.80
= 4.79
= 1.49
= 4.334E-01
dG(Kcal/mot)
-2.143E+00
-2.984E+00
-3.463E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.333E-01
dG(KcaL/mol)
-2.143E+00
-2.986E+00
-3.468E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.333E-01
dG(Kcal/mot)
-2.143E+00
-2.987E+00
-3.468E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.333E-01
dG(Kcal/mol)
-2.143E+00
-2.987E+00
-3.468E+00
XB + H = XB-
dHr (kcat/mol) (298K) =
di (dE) (kcal/mo) (1") =
+ H2
7.96
7.96
dHr avg (298., 1500. K) =
dUr avg (298., 1500. K) =
-309-
7.81
7.81
FB4QD + H
dSr (cat/mol K) ( " )
dGr (kcat/mot) ( )
Kc (")
T (K) dH(Kcal/mot)
1800.00 6.135E+00
2050.00 5.710E+00
2200.00 5.459E+00
= 8.14
= 5.53
= 8.831E-05
dU(Kcal/mo)
6.135E+00
5.710E+00
5.459E+00
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
dS(cat/mot K) Kc
6.688E+00 5.210E+00
6.467E+00 6.378E+00
6.349E+00 7.003E+00
= 8.00
= .62
= 7.080E-01
dG(Kcal/mol)
-5.904E+00
-7.547E+00
-8.508E+00
XB1' = XB1-
dHr (kcal/mol) (298K) =
dU (dE) (kcal/mol) (") =
dSr {cal/mol K) ( " ) =
dGr (kcal/mot) ( ) =
Kc (") =
T (K) dH(Kcal/mol)
1800.00 4.135E+00
2050.00 3.709E+00
2200.00 3.458E+00
XB2QR + H
dHr (kcal/moL) (298K) =
dU (dE) (kcal/mol} (")
dSr (cal/mol K} ( " )
dGr (kcal/mot) ( " ) =
T (K)
1800.00
2050.00
2200.00
Kc ( " )
dH(Kcat/mot)
6.135E+00
5.712E+00
5.463E+00
XB2QRD + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mot) (")
dSr (cal/mot K) ( " )
dGr (kcat/moL} ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.136E+00
2050.00 3.711E+00
2200.00 3.460E+00
XB3Q
+ H2
5.96 dHr avg (29
5.96 dUr avg (29
4.94 dSr avg (29
4.48 dGr avg (29
5.161E-04 Kc avg (298
iJ(Kcat/mol) dS(cal/mol K)
4.135E+00
3.709E+00
3.458E+00
XB2QR- + H2
1.76
IJ(Kcal/
3.488E+00
3.267E+00
3.149E+00
7.96 dHr avg (29
7.96 dUr avg (29
4.94 dSr avg (29
6.48 dGr avg (29
4E-05 Kc avg (298
mot) dS(cal/mot K)
6.135E+00
5.712E+00
5.463E+00
3.488E+00
3.268E+00
3.151E+00
8., 1500. K)
8., 1500. K
8., 1500. K
8., 1500. K)
., 1500. K
Kc
1.821E+00
2.082E+00
2.211E+00
8., 1500. K)
8., 1500. K
8., 1500. K)
8., 1500. K)
., 1500. K
Kc
1 .041E+00
1 .274E+00
1.399E+00
= XB2QRD- + H2
= 5.96 dHr avg (298., 1500. K)
= 5.96 dJr avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cal/mol K) Kc
4.136E+00 3.489E+00 1.821E+00
3.711E+00 3.268E+00 2.083E+00
3.460E+00 3.150E+00 2.211E+00
= XB3Q- + H2
dHr (kcal/moL) (298K)
du (dE) (kcal/mot) (")
dSr (caL/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 6.137E+00
2050.00 5.712E+00
2200.00 5.462E+00
7.96 dHr avg (298., 1500.
7.96 dUr avg (298., 1500.
4.94 dSr avg (298., 1500.
6.48 dGr avg (298., 1500.
1.764E-05 Kc avg (298., 1500. K
di(Kcal/mot) dS(cat/mol K) Kc
6.137E+00 3.490E+00 1.041E+00
5.712E+00 3.268E+00 1..275E+00
5.462E+00 3.151E+00 1.400E+00
K)
K)
K)
K)
5.81
5.81
4.80
1.49
= 4.333E-01
dG(Kcal/mot)
-2.144E+00
-2.988E+00
-3.469E+00
1= 7.81
1= 7.81
1= 4.80
1= 3.49
= 1.415E-01
dG(Kcal/mol)
-1.436E-01
-9.874E-01
-1.469E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mol)
-2.144E+00
-2.988E+00
-3.469E+00
= 7.81
= 7.81
= 4.80
= 3.49
= 1.415E-01
dG(Kcal/mot)
-1.445E-01
-9.886E-01
-1.470E+00
XB3QD + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( )
Kc (")
T (K) dH(Kcal/moL)
1800.00 4.136E+OC
2050.00 3.710E+OC
2200.00 3.460E+OC
= XB3QD- + H2
= 5.96 dHr avg
= 5.96 dir avg
= 4.94 dSr avg
= 4.48 dGr avg
= 5.161E-04 Kc avg
di(Kcat/mol) dS(cat/mol
4.136E+00 3.489E+00
3.710E+00 3.268E+00
3.460E+00 3.150E+00
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500. K
K) Kc
1.821E+00
2.083E+00
2.211E+00
K) = 5.81
K) = 5.81
K) = 4.80
K) = 1.49
) = 4.334E-01
dG(Kcal/mol)
-2.144E+00
-2.988E+00
-3.469E+00
XB4Q + H = XB4Q- + H2
dHr (kcal/mol) (298K) = 7.96
di (dE) (kcal/moL) (") = 7.96
dSr (cat/mol K) ( " ) = 4.94
dGr (kcal/mol) ( " ) = 6.48
Kc ( " ) = 1.764E-05
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
-310-
7.81
7.81
4.80
3.49
1.415E-01
=
dH(Kcal/mol)
6.137E+00
5.712E+00
5.462E+00
dU(Kcal/mol)
6.137E+00
5.712E+00
5.462E+00
dS(cal/mot K)
3.490E+00
3.268E+00
3.151E+00
dG(Kcal/mol)
-1.445E-01
-9.885E-01
-1.470E+00
XB4QD + H
dHr (kcatl/mol) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mot K) ( " )
dGr (kcat/mol) ( " )
T (K)
1800.00
2050.00
2200.00
Kc ( " )
dH(Kcal/mot)
4.136E+00
3.710E+00
3.460E+00
XB5Q + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mot) (")
dSr (cat/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 4.137E+00
2050.00 3.713E+00
2200.00 3.465E+00
= XB4QD- + H2
= 5.96 dHr avg (298., 1500. K)
= 5.96 dUr avg (298., 1500. K)
= 4.94 dSr avg (298., 1500. K)
= 4.48 dGr avg (298., 1500. K)
= 5.161E-04 Kc avg (298., 1500. K )
dU(Kcal/mot) dS(cal/mol K) Kc
4.136E+00 3.489E+00 1.821E+00
3.710E+00 3.267E+00 2.083E+00
3.460E+00 3.150E+00 2.211E+00
XB5Q- + H2
= 5.96 dHr avg (298., 1500.
= 5.96 dir avg (298., 1500.
= 4.94 dSr avg (298., 1500.
= 4.48 dGr avg (298., 1500.
= 5.161E-04 Kc avg (298., 1500. K
di(Kcal/mot) dS(cal/mol K) Kc
4.137E+00 3.490E+00 1.821E+00
3.713E+00 3.269E+00 2.083E+00
3.465E+00 3.152E+00 2.212E+00
K)
K)
K)
K)
0
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mol)
-2.144E+00
-2.988E+00
-3.469E+00
= 5.81
= 5.81
= 4.80
= 1.49
= 4.334E-01
dG(Kcal/mol)
-2.145E+00
-2.989E+00
-3.470E+00
XB5QD + H
dHr (kcal/mot) (298K)
di (dE) (kcal/moL) (")
dSr (cal/mot K) ( " )
dGr (kcat/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.128E+00
2050.00 3.676E+00
2200.00 3.404E+00
Type 23
FLTHN- + C2H2
dHr (kcal/mot) (298K)
ci (dE) (kcat/mol) (")
dSr (cal/mot K) ( " )
dGr (kcat/mol) ( " )
Kc (")
T (K) dH(Kcat/mol)
1800.00 -4.540E+01
2050.00 -4.480E+01
2200.00 -4.446E+01
= XB5QD- +
5.96
= 5.96
= 4.94
= 4.48
- 5.161E-04
dU(Kcal/mol)
4.128E+00
3.676E+00
3.404E+00
= BGHIF +
-49.64
= -49.64
= -21.89
= -43.11
= 4.044E+31
dU(Kcal/mol)
-4.540E+01
-4.480E+01
-4.446E+01
H2
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(cal/mol K) Kc
3.484E+00 1.821E+00
3.249E+00 2.081E+00
3.121E+00 2.208E+00
H
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(cal/mol K) Kc
-1.689E+01 6.638E+01
-1.657E+01 1.426E+01
-1.641E+01 6.754E+00
K)
K)
K)
K)
)
K)
K)
K)
K))0
5.80
5.80
1= 4.79
1.49
= 4.333E-01
dG(Kcal/mot)
-2.144E+00
-2.985E+00
-3.463E+00
= -48.81
= -48.81
= -20.39
= -30.48
= 2.565E+07
dG(Kcal/mol)
-1.500E+01
-1.082E+01
-8.350E+00
BGHIF- + C2H2
dHr (kcal/mol) (298K)
di (dE) (kcal/mol} (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -3.895E+01
2050.00 -3.851E+01
2200.00 -3.826E+01
=COR + 1
= -41.21
= -41.21
= -21.03
= -34.94
= 4.120E+25
dU(Kcal/mol)
-3.895E+01
-3.851E+01
-3.826E+01
dHr avg (298.,
dir avg (298.,
dSr avg (298.,
dGr avg (298.,
Kc avg (298.,
dS(cat/mol K)
-1.902E+01 3.
-1.879E+01 9.
-1.867E+01 5.
1500.
1500.
1500.
1500.
1500. K
Kc
743E+00
990E-01
254E-01
K) = -40.96
K) = -40.96
K) = -20.70
K) = -22.35
) = 2.711E+05
dG(Kcat/mol)
-4.720E+00
4.277E-03
2.813E+00
COR- + C2H2 = COR1
dHr (kcal/mot) (298K) =
di (dE) (kcal/mot) (") =
dSr (cal/moL K) ( " ) =
dGr (kcat/mot) ( " ) =
T (K)
1800.00
2050.00
2200.00
Kc
1 .041E+00
1.275E+00
1 .400E+00
+ H
-30.20
-30.20
-15.98
-25.44
dHr
dir
dSr
dGr
avg
avg
avg
avg
(298.,
(298.,
(298.,
(298.,
1500. K)
1500. K)
1500. K)
1500. K)
-29.63
-29.63
-15.08
-16.07
-311-
Kc ( " )
T (K) dH(Kcal/mot)
1800.00 -2.710E+01
2050.00 -2.675E+01
2200.00 -2.657E+01
= 4.440E+18
dU(Kcal/mot)
-2.710E+01
-2.675E+01
-2.657E+01
Kc avg
dS(cal/mol
-1.262E+01
-1.244E+01
-1.236E+01
(298., 1500. K
K) Kc
3.402E+00
1.358E+00
8.694E-01
) = 8.069E+03
dG(Kcal/mol)
-4.379E+00
-1.247E+00
6.120E-01
COR1- + C2H2
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 -2.510E+01
2050.00 -2.475E+01
2200.00 -2.458E+01
COR2- + C2H2
dHr (kcal/mot) (298K)
d (dE) (kcal/mol) (")
dSr (cat/moL K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mal)
1800.00 -2.510E+01
2050.00 -2.476E+01
2200.00 -2.459E+01
COR3- + C2H2
dHr (kcal/mot) (298K)
di (dE) (kcal/mot) (")
dSr (cal/mol K) ( " )
dGr {kcal/moL) ( " )
Kc (")
T (K) dH(KcaL/mol)
1800.00 -2.526E+01
2050.00 -2.486E+01
2200.00 -2.464E+01
COR4- + C2H2
dHr (kcal/moL) (298K)
di (dE) (kcat/mot) (")
dSr (cal/mol K) ( " )
dGr (kcal/moL} ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -2.510E+01
2050.00 -2.477E+01
2200.00 -2.460E+01
=COR2 + H
= -28.20 dHr avg (298., 1500. K
= -28.20 dUr avg (298., 1500. K
= -15.98 dSr avg (298., 1500. K
-23.44 dGr avg (298., 1500. K
= 1.518E+17 Kc avg (298., 1500. K
dU(Kcal/mol) dS(cal/mol K) Kc
-2.510E+01 -1.262E+01 1.945E+00
-2.475E+01 -1.244E+01 8.314E-01
-2.458E+01 -1.236E+01 5.501E-01
= COR3
= -28.20 dHr avg (298.,
= -28.20 dir avg (298.,
= -15.97 dSr avg (298.,
= -23.44 dGr avg (298.,
= 1.526E+17 Kc avg (298.,
dU(Kcat/mol) dS(cal/mol K)
-2.510E+01
-2.476E+01
-2.459E+01
= COR4
-1.261E+01
-1.243E+01
-1.236E+01
1500.
1500.
1500.
1500.
1500.
Kc
1.955E+00
8.356E-01
5.529E-01
-28.20 dHr avg (298., 1500.
-28.20 dir avg (298., 1500.
-15.98 dSr avg (298., 1500.
-23.44 dGr avg (298., 1500.
1.518E+17 Kc avg (298., 1500. K
di(Kcal/mol) dS(cal/moL K) Kc
-2.526E+01 -1.275E+01 1.910E+00
-2.486E+01 -1.254E+01 8.124E-01
-2.464E+01 -1.244E+01 5.368E-01
=HB + 1
= -28.20
= -28.20
= -19.18
= -22.48
= 3.033E+16
dU(Kcal/mol)
-2.510E+01
-2.477E+01
-2.460E+01
dHr
dir
dSr
dGr
avg
avg
avg
avg
Kc avg
dS(cal/mol
-1.583E+01
-1.565E+01
-1.557E+01
(298.,
(298.,
(298.,
(298.,
(298.,
K)
K)
K)
K)
K)
)= -27.63
= -27.63
= -15.08
= -14.07
= 2.634E+03
dG(Kcal/mot)
-2.379E+00
7.523E-01
2.612E+00
) = -27.63
) = -27.63
= -15.07
= -14.08
= 2.647E+03
dG(Kcal/mot)
-2.398E+00
7.316E-01
2.591E+00
= -27.64
= -27.64
= -15.09
= -14.07
= 2.627E+03
dG(Kcal/mot)
-2.314E+00
8.462E-01
2.719E+00
1500. K) = -27.63
1500. K) = -27.63
1500. K) = -18.28
1500. K) = -11.19
1500. K ) = 5.261E+02
Kc dG(Kcat/moL)
3.883E-01
1.659E-01
1.098E-01
3.383E+00
7.317E+00
9.658E+00
HB- + C2H2
dHr (kcat/mol) (298K)
di (dE) {kcal/mot) (")
dSr (cat/mot K) ( " )
dGr (kcat/mol) ( " )
Kc (I")
T (K) dH(Kcal/mot)
1800.00 -5.516E+01
2050.00 -5.449E+01
2200.00 -5.409E+01
HB1- + C2H2
= HB1
= -57.34 dHr avg
= -57.34 dir avg
= -25.50 dSr avg
= -49.74 dGr avg
2.900E+36 Kc avg
di(Kcal/mol) dS(cal/mol
-5.516E+01 -2.427E+01
-5.449E+01 -2.392E+01
-5.409E+01 -2.373E+01
= HB2
dHr (kcal/mol) (298K)
di (dE) (kcal/mot) (")
dSr (cat/mol K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -5.516E+01
(298.,
(298.,
(298.,
(298.,
(298.,
= -57.34 dHr avg (298.,
= -57.34 dir avg (298.,
= -25.50 dSr avg (298.,
= -49.74 dGr avg (298.,
= 2.900E+36 Kc avg (298.,
di(Kcal/mot) dS(cat/mol K)
-5.516E+01 -2.427E+01 2.
1500. K
1500. K
1500. K
1500. K
1500. K
Kc
2.477E+01
3.819E+00
1 .539E+00
1500.
1500.
1500.
1500.
1500. K
Kc
478E+01
= -57.34
= -57.34
= -25.71
) = -34.23
) = 2.095E+08
dG(Kcal/mol)
-1.148E+01
-5.458E+00
-1.885E+00
= -57.34
= -57.34
= -25.71
= 
-34.23
) = 2.095E+08
dG(Kcal/mol)
-1.148E+01
-312-
K
K
K)
K)
K )
K
K
K
K
2050.00 -5.450E+01 -5.450E+01 -2.392E+01 3.81YE+00 -5.458E+00
2200.00 -5.410E+01 -5.410E+01 -2.374E+01 1.539E+00 -1.884E+00
HB2- + C2H2
dHr (kcal/mot) (298K)
d (dE) (kcat/mol) (")
dSr (cal/mot K) ( " )
dGr (kcal/mol) ( " )
Kc (I")
T (K) dH(Kcal/mol)
1800.00 -5.516E+01
2050.00 -5.450E+01
2200.00 -5.411E+01
HB3- + C2H2
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/moL K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -5.516E+01
2050.00 -5.450E+01
2200.00 -5.412E+01
HB4- + C2H2
dHr (kcal/mol) (298K)
di (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -5.516E+01
2050.00 -5.451E+01
2200.00 -5.412E+01
TB- + C2H2
dHr (kcaL/mol) (298K)
di (dE) (kcal/mol) ("1)
dSr (cal/mol K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -3.896E+01
2050.00 -3.852E+01
2200.00 -3.827E+01
TB1- + C2H2
= HB3
-57.34
-57.34
-25.49
-49.74
= 2.915E+36
dU(Kcal/moL)
-5.516E+01
-5.450E+01
-5.411E+01
= HB4 +
= -57.34
= -57.34
= -25.50
= -49.74
= 2.900E+3e
di(Kcal/mot)
-5.516E+01
-5.450E+01
-5.412E+01
= TB +
= -57.34
= -57.34
= -28.70
= -48.78
= 5.795E+35
ci(Kcat/mot)
-5.516E+01
-5.451E+01
-5.412E+01
= T1B +
= -41.21
= -41.21
= -17.83
= -35.90
= 2.062E+26
dU(Kca1/mol)
-3.896E+01
-3.852E+01
-3.827E+01
= TB2
dHr (kcal/mol) (298K) =
c (dE) (kcal/mot) (") =
dSr (cat/mot K) ( " ) =
dGr (kcal/mot) ( " ) =
Kc (") =
T (K) dH(KcaL/moL)
1800.00 -3.915E+01
2050.00 -3.871E+01
2200.00 -3.847E+01
2.
dJ(Kca
-3.91
-3.87
-3.84
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500.
dS(cal/mot K) Kc
-2.426E+01 2.490E+0
-2.391E+01 3.838E+0
-2.373E+01 1.546E+0
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500.
dS(cal/mot K) Kc
-2.427E+01 2.478E+0
-2.392E+01 3.819E+0
-2.374E+01 1.538E+0
H
dHr avg (298., 1500.
dUr avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500.
dS(cal/mot K) Kc
-2.747E+01 4.950E+0
-2.713E+01 7.629E-0
-2.695E+01 3.073E-0
H
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500.
dS(cal/mot K) Kc
-1.583E+01 1.868E+0
-1.560E+01 4.984E+0
-1.548E+01 2.621E+0
-41.41 dHr avg (29f
-41.41 dir avg (29E
-17.84 dSr avg (29E
-36.09 dGr avg (29E
875E+26 Kc avg (298.
i/mol) dS(cal/mol K)
5E+01 -1.583E+01
1E+01 -1.560E+01
7E+01 -1.549E+01
1500.
1500.
1500.
1500.
1500.
Kc
969E+0
K)
K)
K)
-57.34
-57.34
-25.70
I
5.220E+00 -6.731E+00
2.736E+00 -4.400E+00
TB2- + C2H2
dHr (kcal/mot) (298K)
di (dE) (kcal/mol) (")
dSr (cat/mot K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcat/mot)
1800.00 -3.915E+01
2050.00 -3.871E+01
2200.00 -3.847E+01
=TB3 + H
= -41.41 dHr avg (298., 1500. K)
= -41.41 dUr avg (298., 1500. K)
= -17.83 dSr avg (298., 1500. K)
= -36.10 dGr avg (298., 1500. K)
= 2.890E+26 Kc avg (298., 1500. K )
dU(Kcat/mot) dS(cat/mot K) Kc
-3.915E+01 -1.582E+01 1.980E+01
-3.871E+01 -1.559E+01 5.248E+00
-3.847E+01 -1.547E+01 2.751E+00
= -41.16
= -41.16
= -17.51
= -25.43
= 1.517E+06
dG(Kcal/mol)
-1.068E+01
-6.753E+00
-4.423E+00
-313-
K) = -34.24
K ) = 2.105E+08
dG(Kcal/mot)
1 -1.150E+01
0 -5.478E+00
0 -1.905E+00
K) = -57.34
K) = -57.34
K) = -25.71
K) = -34.23
K ) = 2.095E+08
dG(Kcal/mot)
1 -1.148E+01
0 -5.458E+00
0 -1.883E+00
K) = -57.34
K) = -57.34
K) = -28.91
K) = -31.35
K ) = 4.185E+07
dG(Kcal/mot)
0 -5.720E+00
1 1.102E+00
1 5.158E+00
K) = -40.96
K) = -40.96
K) = -17.51
K) = -25.22
C ) = 1.355E+06
dG(Kcal/mol)
1 -1.047E+01
0 -6.543E+00
0 -4.212E+00
K) = -41.16
K) = -41.16
K) = -17.52
K) = -25.42
K ) = 1.509E+06
dG(Kcal/mol)
1 -1.066E+01
TB3- + C2H2
dHr (kcatl/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( )
Kc (")
T (K) dH(KcaL/mol)
1800.00 -3.915E+01
2050.00 -3.871E+01
2200.00 -3.847E+01
= -41.41 dHr avg (298., 1500. K) = -41.16
= -41.41 dUr avg (298., 1500. K) = -41.16
= -17.84 dSr avg (298., 1500. K) = -17.51
= -36.09 dGr avg (298., 1500. K) = -25.42
= 2.875E+26 Kc avg (298., 1500. K ) = 1.509E+06
dJ(Kcal/moL) dS(cal/mol K) Kc dG(Kcal/mol)
-3.915E+01 -1.583E+01 1.970E+01 -1.066E+01
-3.871E+01 -1.560E+01 5.223E+00 -6.734E+00
-3.847E+01 -1.548E+01 2.738E+00 -4.403E+00
TB4- + C2H2
dHr (kcat/mot) (298K
di (dE) (kcat/mot) (ma)
dSr (cat/mal K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mot
1800.00 -4.135E+01
2050.00 -4.091E+01
2200.00 -4.066E+01
FB- + C2H2
dHr (kcal/mol) (298K
dU (dE) (kcal/moL) (")
dSr (cat/moL K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -5.362E+01
2050.00 -5.307E+01
2200.00 -5.276E+01
FB + H
= -43.61 dHr avg (298., 1500. K)
= -43.61 dUr avg (298., 1500. K)
= -21.03 dSr avg (298., 1500. K)
= -37.34 dGr avg (298., 1500. K)
= 2.367E+27 Kc avg (298., 1500. K )
dU(Kcal/mot) dS(cat/mot K) Kc
-4.135E+01 -1.902E+01 7.320E+00
-4.091E+01 -1.879E+01 1.800E+00
-4.066E+01 -1.867E+01 9.096E-01
=FB1 + H
-56.95 dHr avg (298., 1500. K)
= -56.95 dir avg (298., 1500. K)
= -18.15 dSr avg (298., 1500. K)
= -51.54 dGr avg (298., 1500. K)
= 6.068E+37 Kc avg (298., 1500. K )
dU(Kcal/mot) dS(cal/mot K) Kc
-5.362E+01 -1.494E+01 1.763E+03
-5.307E+01 -1.465E+01 2.859E+02
-5.276E+01 -1.451E+01 1.179E+02
= -43.36
= -43.36
= -20.70
= -24.75
= 1.039E+06
dG(Kcal/mot)
-7.120E+00
-2.395E+00
4.143E-01
= -56.49
= -56.49
= -17.48
= -40.78
= 8.177E+09
dG(Kcat/mot)
-2.674E+01
-2.304E+01
-2.085E+01
FB1- + C2H2
dHr (kcat/mot) (298K)
di (dE) (kcaL/mol) (")
dSr (cat/mot K) ( ' )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -2.202E+01
2050.00 -2.182E+01
2200.00 -2.169E+01
=FB2Q +
= -21.97
= -21.97
= -5.13
= -20.44
= 9.674E+14
di(Kcal/mol)
-2.202E+01
-2.182E+01
-2.169E+01
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K
dS(cat/mol K) Kc
-6.209E+00 2.073E+01
-6.107E+00 9.813E+00
-6.046E+00 6.818E+00
= -22.20
= -22.20
= -5.86
= -16.94
= 1.311E+04
dG(Kcat/mol)
-1.084E+01
-9.303E+00
-8.391E+00
FB2QRD- + C2H2 = FB3Q + H
dHr (kcal/mot) (298K) = -42.51 dHr avg (298., 1500. K) = -42.48
di (dE) (kcat/mot) (") = -42.51 dir avg (298., 1500. K) = -42.48
dSr (cat/mot K) ( " ) = -11.04 dSr avg (298., 1500. K) = -11.15
dGr (kcaL/mol} ( " ) = -39.22 dGr avg (298., 1500. K) = -32.45
Kc ( " ) = 5.641E+28 Kc avg (298., 1500. K ) = 7.744E+07
T (K) dH(Kcal/mot) di(Kcal/mol) dS(cal/moL K) Kc dG(Kcat/mot)
1800.00 -4.112E+01 -4.112E+01 -1.024E+01 5.688E+02 -2.269E+01
2050.00 -4.080E+01 -4.080E+01 -1.008E+01 1.407E+02 -2.015E+01
2200.00 -4.062E+01 -4.062E+01 -9.991E+00 7.117E+01 -1.864E+01
FB3QD- + C2H2
dHr (kcat/mot) (298K)
di (dE) (kcal/mot) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 -4.332E+01
2050.00 -4.300E+01
2200.00 -4.283E+01
=FB4Q + H
= -44.71 dHr avg
= -44.71 dir avg
= -11.04 dSr avg
= -41.42 dGr avg
= 2.313E+30 Kc avg
di(Kcal/mol) dS(cat/mot
-4.332E+01 -1.024E+01
-4.300E+01 -1.008E+01
-4.283E+01 -9.992E+00
(298.,
(298.,
(298.,
(298.,
(298.,
C)
1500.
1500.
1500.
1500.
1500.
Kc
K
K
K
K
K
1.052E+03
2.414E+02
1.177E+02
-44.68
= -44.68
= -11.15
= -34.65
= 2.653E+08
dG(Kcal/mol)
-2.489E+01
-2.235E+01
-2.084E+01
FB4QD- + C2H2 = FB5Q
dHr (kcal/mol) (298K) =
di (dE) (kcal/mol} (") =
+ H
-45.81
-45.81
dHr avg (298., 1500. K) =
dUr avg (298., 1500. K) =
-314-
-45.99
-45.99
= T84
) =
dSr (cat/mol K) ( " )
dGr (kcat/mol) ( " )
Kc (I")
T (K) dH(Kcal/mot)
1800.00 -4.528E+01
2050.00 -4.509E+01
2200.00 -4.498E+01
= -4.24 dSr avg (298., 1500. K) = -4.78
= -44.55 dGr avg (298., 1500. K) = -41.69
= 4.537E+32 Kc avg (298., 1500. K ) = 1.362E+10
dU(Kcal/mot) dS(cal/mol K) Kc dG(Kcal/mot)
-4.528E+01 -4.646E+00 3.043E+04 -3.692E+01
-4.509E+01 -4.543E+00 6.519E+03 -3.577E+01
-4.498E+01 -4.492E+00 3.067E+03 -3.510E+01
FB1 I + C2H2
dHr (kcal/mot) (298K)
cU (dE) (kcal/mol} (")
dSr (cal/mot K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -5.382E+01
2050.00 -5.327E+01
2200.00 -5.296E+01
FB2- + C2H2
dHr (kcat/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cat/mot K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -5.382E+01
2050.00 -5.327E+01
2200.00 -5.296E+01
FB3- + C2H2
dHr (kcat/mot) (298K)
W (dE) (kcal/mol) (")
dSr (cat/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -5.382E+01
2050.00 -5.326E+01
2200.00 -5.296E+01
FB4- + C2H2
=FB2 + H
= -57.15 dHr avg (298., 1500. K:
= -57.15 dUr avg (298., 1500. K:
= -18.15 dSr avg (298., 1500. K:
= -51.74 dGr avg (298., 1500. K:
= 8.504E+37 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cal/mol K) Kc
-5.382E+01 -1.494E+01 1.867E+03
-5.327E+01 -1.465E+01 3.007E+02
-5.296E+01 -1.450E+01 1.236E+02
=FB3 + H
= -57.15 dHr avg
= -57.15 dUr avg
= -18.15 dSr avg
= -51.74 dGr avg
= 8.504E+37 Kc avg
dJ(Kcal/mol) dS(cal/mot
-5.382E+01 -1.493E+01
-5.327E+01 -1.464E+01
-5.296E+01 -1.450E+01
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500. K)
1500. K)
1500. K)
1500. K:
1500. K
Kc
1.869E+03
3.01OE+02
1.237E+02
=FB4 + H
= -57.15 dHr avg (298., 1500. K:
= -57.15 dUr avg (298., 1500. K:
= -18.15 dSr avg (298., 1500. K:
= -51.74 dGr avg (298., 1500. K:
= 8.504E+37 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cal/mol K) Kc
-5.382E+01 -1.493E+01 1.870E+03
-5.326E+01 -1.464E+01 3.013E+02
-5.296E+01 -1.450E+01 1.238E+02
= XB
dHr (kcal/mot) (298K)
di (dE) (kcal/mot} (")
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 -5.602E+01
2050.00 -5.546E+01
2200.00 -5.515E+01
XB- + C2H2
dHr (kcal/mol) (298K) =
di (dE) (kcal/moL) (") =
dSr (cal/mol K) ( " ) =
dGr (kcal/mot) ( " ) =
Kc (") =
T (K)
1800.00
2050.00
2200.00
dH(KcaL/mol)
-5.362E+01
-5.306E+01
-5.275E+01
= -59.35 dHr avg
= -59.35 dUr avg
= -21.35 dSr avg
= -52.99 dGr avg
= 6.966E+38 Kc avg
d(Kcal/mol) dS(cal/mol
-5.602E+01
-5.546E+01
-5.515E+01
XBi
dU(
-5
-5
-5
-1.813E+01
-1 .784E+01
-1.769E+01
-56.95 dHr avg
-56.95 dir avg
-18.15 dSr avg
-51.54 dGr avg
6.068E+37 Kc avg
Kcat/mot) dS(cal/mol
.362E+01 -1.493E+01
.306E+01 -1.464E+01
.275E+01 -1.449E+01
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500. K)
1500. K)
1500. K)
1500. K)
1500. K
Kc
6.918E+02
1 .034E+02
4.096E+01
(298., 1500. K)
(298., 1500. K)
(298., 1500. K)
(298., 1500. K)
(298., 1500. K
K) Kc
1.771E+03
2.873E+02
1.185E+02
= -56.69
= -56.69
= -17.48
= -40.98
= 9.148E+09
dG(Kcal/mot)
-2.694E+01
-2.324E+01
-2.106E+01
4=
-56.69
= -56.69
= -17.48
= -40.98
= 9.151E+09
dG(Kcal/mol)
-2.694E+01
-2.325E+01
-2.106E+01
= -56.69
= -56.69
= -17.48
= 
-40.98
= 9.153E+09
dG(Kcal/mol)
-2.695E+01
-2.325E+01
-2.107E+01
= -58.89
S= -58.89
= -20.68
= -40.30
= 6.267E+09
dG(Kcat/mol)
-2.339E+01
-1.889E+01
-1.623E+01
= 
-56.49
= 
-56.49
= -17.47
= -40.78
= 8.187E+09
dG(Kcal/mol)
-2.675E+01
-2.306E+01
-2.087E+01
XB1- + C2H2 =XB20 + H
dHr (kcat/mol) (298K) -21.97
di (dE) (kcal/mot) (") = -21.97
dSr (cat/mot K) ( " ) = -5.13
dGr (kcal/mot) ( " ) = -20.44
Kc ( " ) = 9.674E+14
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
-315-
-22.20
-22.20
-5.86
-16.94
1.310E+04
T (K)
1800.00
2050.00
2200.00
dH(Kcal/mol)
-2.207E+01
-2.184E+01
-2.167E+01
XB2QRD- + C2H2
dHr (kcat/mol) (298K)
dU (dE) (kcat/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( ' )
Kc (")
T (K) dH(Kcat/mol)
1800.00 -4.112E+01
2050.00 -4.079E+01
2200.00 -4.061E+01
XB3QD- + C2H2
dHr {kcal/mot) (298K)
di (dE) (kcal/mot) (")
dSr (cat/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(KcaL/mol)
1800.00 -4.332E+01
2050.00 -4.299E+01
2200.00 -4.281E+01
dU(Kcal/mot)
-2.207E+01
-2.184E+01
-2.167E+01
dS(cal/mot K)
-6.250E+00
-6.127E+00
-6.051E+00
=XB3Q + H
= -42.51 dHr avg
= -42.51 dir avg
= -11.04 dSr avg
= -39.22 dGr avg
= 5.641E+28 Kc avg
di(Kcal/mot) dS(cat/mot
-4.112E+01 -1.024E+01
-4.079E+01 -1.007E+01
-4.061E+01 -9.979E+00
=XB40 +
= -44.71
= -44.71
= -11.04
= -41.42
= 2.313E+3(
di(Kcal/mol)
-4.332E+01
-4.299E+01
-4.281E+01
(298
(298
(298
(298
(298.
K)
Kc
2.062E+01
9.749E+00
6.774E+00
., 1500.
., 1500.
., 1500.
., 1500.
1500. K
Kc
5.698E+02
1.410E+02
7.133E+01
K)
K)
K)
K)
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
dS(cal/mol K)
-1.024E+01
-1.007E+01
-9.979E+00
Kc
1 .054E+03
2.419E+02
1. 180E+02
dG(Kcat/mol)
-1.082E+01
-9.276E+00
-8.363E+00
= -42.47
= -42.47
= -11.15
= -32.45
= 7.748E+07
dG(Kcal/mol)
-2.269E+01
-2.016E+01
-1.865E+01
= -44.67
= -44.67
= -11.15
= -34.65
= 2.655E+08
dG(Kcal/mol)
-2.489E+01
-2.236E+01
-2.085E+01
XB4QD- + C2H2
dHr {kcal/mot) (298K)
di (dE) (kcal/moL} (")
dSr (caL/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(KcaL/mol)
1800.00 -4.527E+01
2050.00 -4.507E+01
2200.00 -4.495E+01
=XB5Q + H
= -45.81 dHr avg (298., 1500. K)
= -45.81 dir avg (298., 1500. K)
= -4.24 dSr avg (298., 1500. K)
= -44.55 dGr avg (298., 1500. K)
= 4.537E+32 Kc avg (298., 1500. K )
di(Kcal/mol) dS(cat/mol K) Kc
-4.527E+01 -4.632E+00 3.056E+04
-4.507E+01 -4.523E+00 6.550E+03
-4.495E+01 -4.469E+00 3.084E+03
= -45.98
= -45.98
= -4.78
= -41.69
= 1.364E+10
dG(Kcal/mol)
-3.694E+01
-3.579E+01
-3.512E+01
Type 5-3
FB2QR- = FB2QRD + H
dHr (kcat/mol) (298K) =
di (dE) (kcal/mol) (") =
dSr (cat/mot K) ( " ) =
dGr (kcat/mol) ( " ) =
Kc (") =
T (K) dH(Kcat/mol) d
1800.00 1.557E+01
2050.00 1.563E+01
2200.00 1.566E+01
FB30- = FB3QD
dHr (kcat/moL) (298K)
di (dE) (kcal/mol) ("1)
dSr (cal/mol K) ( )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 1.589E+01
2050.00 1.582E+01
2200.00 1.575E+01
FB4Q- = FB4QD
dHr (kcal/mol) (298K)
di (dE) {kcal/moL) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
13.95 dHr avg (298., 1500.
13.36 dir avg (298., 1500.
8.38 dSr avg (298., 1500.
11.46 dGr avg (298., 1500.
1.636E-10 Kc avg (298., 1500. K
U(Kcal/mot) dS(cal/mol K) Kc
1.199E+01 1.109E+01 2.311E-02
1.155E+01 1.112E+01 3.453E-02
1.129E+01 1.114E+01 4.181E-02
= 13.95
= 13.36
= 8.38
= 11.46
= 1.636E-1(
di(Kcal/mol)
1.231E+01
1.174E+01
1.138E+01
13.95
13.36
7.00
11.87
dHr avg (298., 1500.
dUr avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(caL/mol K) Kc
1.133E+01 2.392E-02
1.130E+01 3.607E-02
1.127E+01 4.378E-02
dHr
dUr
dSr
dGr
avg
avg
avg
avg
(298.,
(298.,
(298.,
(298.,
K)
K)
K)
K)
K)
K)
K)
K)
= 14.60
= 13.41
9.56
6.01
= 4.698E-04
dG(Kcal/mol)
-4.393E+00
-7.169E+00
-8.838E+00
S= 14.61
= 13.42
9.58
1= 6.00
= 4.721E-04
dG(Kcal/mol)
-4.517E+00
-7.346E+00
-9.039E+00
1500. K) =
1500. K) =
1500. K) =
1500. K) =
14.61
13.42
8.20
7.24
-316-
Kc ( " )
T (K) dH(Kcal/mot)
1800.00 1.589E+01
2050.00 1.582E+01
2200.00 1.575E+01
FB5Q- = FB5QD
dHr (kcal/mol) (298K)
dU (dE) (kcal/mol) (")
dSr (cal/mo K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 1.789E+01
2050.00 1.785E+01
2200.00 1.780E+01
FB5QD- = C60A
dHr (kcal/mot) (298K)
dU (dE) {kcal/moL} (")
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( )
Kc (")
T (K) dH(Kcal/mot)
1800.00 4.355E+01
2050.00 4.238E+01
2200.00 4.167E+01
XB2QR- = XB2QRD + H
dHr (kcal/mot) (298K)
dU (dE) (kcal/mot) (")
dSr (cat/mot K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 1.551E+01
2050.00 1.559E+01
2200.00 1.565E+01
XB3Q- = XB3QD + H
dHr (kcal/mol) (298K)
di (dE) (kcal/mol) (")
dSr (cat/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K)
1800.00
2050.00
2200.00
dH(Kcal/mol)
1.588E+01
1.582E+01
1.575E+01
XB4Q- = XB4QD +
dHr (kcal/mot) (298K)
di (dE) (kcal/mot) (")
dSr (cal/mat K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 1.588E+01
2050.00 1.582E+01
2200.00 1.575E+01
XB5Q- = XB5QD +
dHr (kcat/mol) (298K)
dU (dE) (kcat/mol) (")
dSr (cal/mal K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcat/mol)
1800.00 1.789E+01
= 8.167E-11 Kc avg (298., 1500. K
dJ(Kcal/mol) dS(cat/mol K) Kc
1.231E+01 9.955E+00 1.195E-02
1.175E+01 9.921E+00 1.801E-02
1.138E+01 9.889E+00 2.186E-02
) = 2.357E-04
dG(Kcal/mol)
-2.033E+00
-4.518E+00
-6.004E+00
15.95 dHr avg (298., 1500. K) = 16.61
15.36 dUr avg (298., 1500. K) = 15.42
8.38 dSr avg (298., 1500. K) = 9.58
13.46 dGr avg (298., 1500. K) = 8.00
5.592E-12 Kc avg (298., 1500. K ) = 1.541E-04
dU(Kcat/mol) dS(cat/mot K) Kc dG(Kcal/mol)
1.432E+01 1.134E+01 1.368E-02 -2.517E+00
1.378E+01 1.132E+01 2.209E-02 -5.350E+00
1.343E+01 1.129E+01 2.775E-02 -7.046E+00
= 49.97 dHr avg (298., 1500. K)
= 49.38 dUr avg (298., 1500. K)
= 41.98 dSr avg (298., 1500. K:
= 37.46 dGr avg (298., 1500. K)
= 1.419E-29 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cal/mot K) Kc
3.997E+01 3.411E+01 9.976E-01
3.830E+01 3.351E+01 3.794E+00
3.730E+01 3.317E+01 7.144E+00
= 13.95 dHr avg (298., 1500. K)
= 13.36 dir avg (298., 1500. K)
= 8.38 dSr avg (298., 1500. K)
= 11.46 dGr avg (298., 1500. K)
= 1.636E-10 Kc avg (298., 1500. K
dU(Kcal/mol) dS(cal/mol K) Kc
1.193E+01 1.104E+01 2.290E-02
1.152E+01 1.108E+01 3.417E-02
1.128E+01 1.111E+01 4.135E-02
= 13.95 dHr avg (298., 1500.
= 13.36 dir avg (298., 1500.
= 8.38 dSr avg (298., 1500.
= 11.46 dGr avg (298., 1500.
= 1.636E-10 Kc avg (298., 1500. K
dU(Kcat/mot) dS(cal/mol K) Kc
1.231E+01 1.133E+01 2.387E-02
1.174E+01 1.130E+01 3.599E-02
1.138E+01 1.126E+01 4.368E-02
H
= 13.95 dHr avg (298., 1500.
S 13.36 dir avg (298., 1500.
= 8.38 dSr avg (298., 1500.
= 11.46 dGr avg (298., 1500.
= 1.636E-10 Kc avg (298., 1500. K
dU(Kcal/mot) dS(cat/mot K) Kc
1.231E+01 1.133E+01 2.387E-02
1.175E+01 1.130E+01 3.599E-02
1.138E+01 1.127E+01 4.368E-02
H
K)
K)
K)
K)
K)
K)
K)
K)
= 15.95 dHr avg (298., 1500. K)
= 15.36 dUr avg (298., 1500. K)
= 8.38 dSr avg (298., 1500. K)
= 13.46 dGr avg (298., 1500. K)
= 5.592E-12 Kc avg (298., 1500. K )
di(Kcal/mot) dS(cal/mol K) Kc
1.432E+01 1.133E+01 1.365E-02
S= 48.72
= 47.53
= 39.54
= 13.17
= 8.510E-06
dG(Kcal/mol)
-1.786E+01
-2.631E+01
-3.131E+01
14.60
13.41
9.55
6.01
= 4.691E-04
dG(Kcat/mol)
-4.361E+00
-7.125E+00
-8.790E+00
= 14.61
= 13.42
9.58
6.00
= 4.717E-04
dG(Kcat/mot)
-4.508E+00
-7.337E+00
-9.029E+00
= 14.61
= 13.42
= 9.58
= 6.00
= 4.717E-04
dG(Kcal/mol)
-4.508E+00
-7.337E+00
-9.029E+00
= 16.61
= 15.42
= 9.58
= 8.00
= 1.540E-04
dG(Kcat/mol)
-2.509E+00
-317-
2050.00 1.786E+01 1.379E+01 1.132E+01 2.204E-02 -5.340E+00
2200.00 1.782E+01 1.345E+01 1.130E+01 2.769E-02 -7.036E+00
XB5QD- = C70A + F
dHr (kcaL/mot) (298K) =
dU (dE) (kcal/mot) (") =
dSr (cat/mot K) ( " ) =
dGr (kcat/mol} ( " ) =
Kc (") =
T (K) dH(Kcal/mol)
1800.00 4.355E+01
2050.00 4.241E+01
2200.00 4.173E+01
8.5
dJ(Kca
3.99
49.97 dHr avg
49.38 dUr avg
45.54 dSr avg
36.40 dGr avg
14E-29 Kc avg
l/mol) dS(cal/mol
7E+01 3.767E+01
(298., 1500. K:
(298., 1500. K:
(298., 1500. K:
(298., 1500. K:
(298., 1500. K
K) Kc
5.968E+00
= 48.72
= 47.53
= 43.10
9.97
= 5.104E-05
dG(Kcal/mot)
-2.426E+01
3.834E+01 3.708E+01 2.270E+01 -3.360E+01
3.736E+01 3.676E+01 4.279E+01 -3.914E+01
Type 6
FB2Q = FB2QR
dHr (kcal/mol) (298K)
dU (dE) {kcat/mol} (")
dSr (cal/mol K) ( " )
dGr (kcal/mot} ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -9.986E+00
2050.00 -9.919E+00
2200.00 -9.912E+00
XB2Q = XB2QR
dHr (kcal/mot} (298K)
di (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr {kcal/mo} ( " )(
Kc (")
T (K) dH(Kcal/mot)
1800.00 -9.935E+00
2050.00 -9.896E+00
2200.00 -9.912E+00
= -11.87 dHr avg (298., 1500.
= -11.87 dUr avg (298., 1500.
= -11.46 dSr avg (298., 1500.
= -8.45 dGr avg (298., 1500.
= 1.574E+06 Kc avg (298., 1500. K
dJ(Kcal/mot) dS(cat/mot K) Kc
-9.986E+00 -9.005E+00 1.755E-01
-9.919E+00 -8.970E+00 1.251E-01
-9.912E+00 -8.966E+00 1.059E-01
= -11.87 dHr avg
= -11.87 dUr avg
= -11.46 dSr avg
= -8.45 dGr avg
= 1.574E+06 Kc avg
dU(Kcal/mol) dS(cat/mot
-9.935E+00 -8.972E+00
-9.896E+00 -8.951E+00
-9.912E+00 -8.959E+00
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500. K
K) Kc
1.759E-01
1.255E-01
1.063E-01
K):
K)
K)
K):
= -11.46
= -11.46
= -10.63
= -1.90
= 2.898E+00
dG(Kcal/mol)
6.223E+00
8.469E+00
9.814E+00
K) = -11.46
K) = -11.46
K) = -10.63
K) = -1.90
) = 2.897E+00
dG(Kcal/mol)
6.215E+00
8.454E+00
9.797E+00
Coagulation Pathway
Type 5-1
HBHBD1 + H
dHr (kcat/mol} (298K) =
dU (dE) (kcat/mot} (") =
dSr (cal/mol K) ( " ) =
dGr (kcal/mot) ( " ) =
Kc (") =
T (K) dH(Kcal/mot)
1800.00 2.711E+00
2050.00 2.227E+00
2200.00 1.929E+00
HBHBD2 + H
dHr (kcat/mot) (298K)
dU (dE) (kcal/mol} (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 2.710E+00
2050.00 2.228E+00
2200.00 1.933E+00
HBHBD1- + H2
3.77
dU(Kcat/
2.711E
2.227E
1.929E
3.81 dHr avg (298., 1500.
3.81 dUr avg (298., 1500.
6.26 dSr avg (298., 1500.
1.94 dGr avg (298., 1500.
9E-02 Kc avg (298., 1500. K
mot) dS(cat/moL K) Kc
+00 5.998E+00 9.591E+00
+00 5.747E+00 1.044E+01
+00 5.607E+00 1.081E+01
= HBHBD2- + H2
= 3.81 dHr avg (298., 1500. K)
3.81 dir avg (298., 1500. K)
= 4.88 dSr avg (298., 1500. K)
= 2.35 dGr avg (298., 1500. K)
= 1.887E-02 Kc avg (298., 1500. K )
dUJ(Kcat/mot) dS(cal/mot K) Kc
2.710E+00 4.618E+00 4.788E+00
2.228E+00 4.367E+00 5.211E+00
1.933E+00 4.228E+00 5.396E+00
3.94
1= 3.94
6.63
= -2.02
= 3.106E+00
dG(Kcal/mol)
-8.086E+00
-9.554E+00
-1.040E+01
= 3.94
= 3.94
= 5.25
= -. 78
= 1.551E+00
dG(Kcal/mot)
-5.602E+00
-6.724E+00
-7.369E+00
HBHBD3 + H = HBHBD3- + H2
-318-
K)
K)
Q)
K)
dHr (kcal/mol) (298K) =
dU (dE) (kcal/mot) (") =
dSr (cat/mo K) ( " ) =
dGr (kcat/mol} ( " )
Kc (I") =
T (K) dH(Kcat/mot)
1800.00 2.710E+00
2050.00 2.230E+00
2200.00 1.936E+00
3.77
dU(Kcal/
2.710E
2.230E
1. 936E
3.81 dHr avg
3.81 dir avg
6.26 dSr avg
1.94 dGr avg
9E-02 Kc avg
mot) dS(cal/mol
+00 5.998E+00
+00 5.748E+00
+00 5.609E+00
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500. K)
1500. K)
1500. K)
1500. K)
1500. K
Kc
9.589E+00
1.044E+01
1.081E+01
3.94
1= 3.94
6.63
= -2.02
= 3.106E+00
dG(Kcal/mol)
-8.085E+00
-9.553E+00
-1.040E+01
HBHBD4 + H
dHr (kcal/mot) (298K)
di (dE) (kcal/mol) (")
dSr (cat/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcat/mot)
1800.00 2.710E+00
2050.00 2.231E+00
2200.00 1.938E+00
HBHBDS + H
dHr (kcal/mot) (298K)
di (dE) {kcal/mol} (")
dSr (cal/mot K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 2.711E+00
2050.00 2.232E+00
2200.00 1.941E+00
HBHBD6 + H
dHr (kcal/mo} (298K)
dU (dE) (kcal/moL) ("1)
dSr (cat/moL K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(KcaL/mot)
1800.00 2.711E+00
2050.00 2.234E+00
2200.00 1.943E+00
HBHBD7 + H
dHr (kcat/mo} (298K)
di (dE) (kcal/moL) (")
dSr (cal/mol K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 2.711E+00
2050.00 2.235E+00
2200.00 1.945E+00
HBHBD8 + H
dHr (kcal/mol) (298K)
dU (dE) (kcal/mot) (')
dSr (cal/mot K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(KcaL/mol)
1800.00 2.711E+00
2050.00 2.236E+00
2200.00 1.948E+00
= HBHBD4- + H2
= 3.81 dHr avg (298., 1500. K) =
= 3.81 dir avg (298., 1500. K) =
= 4.88 dSr avg (298., 1500. K) =
= 2.35 dGr avg (298., 1500. K) =
= 1.887E-02 Kc avg (298., 1500. K ) =
di(Kcal/mol) dS(cal/moL K) Kc dG(
2.710E+00 4.618E+00 4.788E+00 -1
2.231E+00 4.368E+00 5.211E+00 -e
1.938E+00 4.230E+00 5.396E+00 -
HBHBD5- + H2
= 3.81 dHr avg (298., 1500. K) =
= 3.81 dUr avg (298., 1500. K) =
= 6.26 dSr avg (298., 1500. K) =
= 1.94 dGr avg (298., 1500. K) =
= 3.779E-02 Kc avg (298., 1500. K ) =
dU(Kcat/mot) dS(cal/mol K) Kc dG(
2.711E+00 5.998E+00 9.588E+00 -E
2.232E+00 5.749E+00 1.044E+01 -
1.941E+00 5.611E+00 1.081E+01 -1
HBHBD6- + H2
= 3.81 dHr avg (298., 1500. K)
= 3.81 dir avg (298., 1500. K)
= 4.88 dSr avg (298., 1500. K)
= 2.35 dGr avg (298., 1500. K)
= 1.887E-02 Kc avg (298., 1500. K )
di(Kcat/mol) dS(cat/mol K) Kc
2.711E+00 4.618E+00 4.787E+00
2.234E+00 4.369E+00 5.210E+00
1.943E+00 4.233E+00 5.396E+00
HBHBD7- + H2
= 3.81 dHr avg
= 3.81 dUr avg
= 6.26 dSr avg
= 1.94 dGr avg
= 3.779E-02 Kc avg
dU(Kcal/mot) dS(cat/mot
2.711E+00
2.235E+00
1.945E+00
HBHBD8- + H2
= 3.81
= 3.81
= 4.88
= 2.35
= 1.887E-02
di(Kcal/mol) dS
2.711E+00
2.236E+00
1.948E+00
5.998E+00
5.750E+00
5.614E+00
dHr av
dir av
dSr av
dGr av
Kc avg
(caL/mot
4.618E+0
4.370E+0
4.235E+0
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500.
1500.
1500.
1500.
1500. K
Kc
9.586E+00
1.043E+01
1.081E+01
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500. K
K) Kc
4.786E+00
5.210E+00
5.395E+00
dG(
-e
K) =
K) =
K) =
K) =
dG
I -~
-1
-
K))
K)
K)
)Q
3.94
3.94
5.25
-. 78
1.551E+00
:Kcal/mol)
.601E+00
6.724E+00
7.369E+00
3.94
3.94
6.63
-2.02
3.106E+00
:Kcal/mo)
8.085E+00
9.553E+00
.040E+01
3.94
3.94
5.25
-. 78
1.551E+00
(Kcat/mol)
.601E+00
6.724E+00
7.369E+00
3.94
3.94
6.63
-2.02
3.106E+00
:Kcal/mol)
8.084E+00
9.552E+00
1.040E+01
HBHBD9 + H = HBHBD9- + H2
dHr (kcal/mot) (298K) = 3.81
di (dE) (kcat/mot) (") = 3.81
dSr (cat/mol K) ( " ) = 6.25
dHr avg
dir avg
dSr avg
(298., 1500. K)
(298., 1500. K)
(298., 1500. K)
-319-
3.94
3.94
5.25
-. 78
= 1.551E+00
dG(Kcal/mot)
-5.600E+00
-6.723E+00
-7.368E+00
3.94
3.94
6.62
=
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 2.704E+00
2050.00 2.211E+00
2200.00 1.907E+00
TBHBD1 + H
dHr '(kcal/mot) (298K)
dU (dE) (kcat/moL) (")
dSr {cal/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(KcaL/moL)
1800.00 2.710E+00
2050.00 2.229E+00
2200.00 1.936E+00
= 1.94
= 3.760E-02
dU(Kcal/mot) dS
2.704E+00
2.211E+00
1.907E+00
TBHBD1- + H2
= 3.81
= 3.81
= 4.88
= 2.35
- 1.887E-02
dJ(Kcal/mol) dS
2.710E+00
2.229E+00
1.936E+00
dGr avg (298., 1560. K)
Kc avg (298., 1500. K )
(caL/mot K) Kc
5.983E+00 9.535E+00
5.726E+00 1.037E+01
5.583E+00 1.074E+01
dHr avg (298.,
dUr avg (298.,
dSr avg (298.,
dGr avg (298.,
Kc avg (298.,
(cal/mol K)
4.617E+00 4.
4.368E+00 5.
4.229E+00 5.
1500.
1500.
1500.
1500.
1500. K
Kc
788E+00
K)
K)
K)
K)
= -2.02
= 3.089E+00
dG(KcaL/moL)
-8.065E+00
-9.528E+00
-1.038E+01
3.94
= - 3.94
= 5.25
= -. 78
= 1.551E+00
dG(Kcal/mol)
-5.602E+00
211E+00 -6.724E+00
396E+00 -7.369E+00
TBHBD2 + H
dHr (kcal/mot) (298K
dU (dE) {kcal/naL) (")
dSr (caL/mol K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(KcaL/moL
1800.00 2.710E+0
2050.00 2.230E+0
2200.00 1.937E+0
TBHBD3 + H
dHr (kcal/mol) (298K
di (dE) (kcal/mol) (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(KcaL/moL)
1800.00 2.710E+0(
2050.00 2.231E+0(
2200.00 1.939E+0(
TBHBD4 + H
dHr (kcal/moL) (298K)
di (dE) (kcal/mol) (")
dSr (cal/mol K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(KcaL/mot)
1800.00 2.710E+O
2050.00 2.232E+O
2200.00 1.940E+00
= TBHBD2- + H2
= 3.81 dHr avg (298., 1500. K) =
= 3.81 dir avg (298., 1500. K) =
= 4.88 dSr avg (298., 1500. K) =
= 2.35 dGr avg (298., 1500. K) =
= 1.887E-02 Kc avg (298., 1500. K ) =
dU(Kcal/mot) dS(cal/moL K) Kc dG
0 2.710E+00 4.617E+00 4.788E+00 -
0 2.230E+00 4.368E+00 5.210E+00 -
0 1.937E+00 4.230E+00 5.396E+00 -
= TBHBD3- + H2
= 3.81 dHr avg (298., 1500. K) =
= 3.81 dir avg (298., 1500. K) =
= 4.88 dSr avg (298., 1500. K) =
= 2.35 dGr avg (298., 1500. K) =
= 1.887E-02 Kc avg (298., 1500. K ) =
dU(Kcal/mol) dS(cat/mol K) Kc dG
2.710E+00 4.617E+00 4.787E+00 -
2.231E+00 4.368E+00 5.210E+00 -
1.939E+00 4.230E+00 5.395E+00 -
TBHBD4- + H2
= 3.81 dHr avg (298., 1500.
= 3.81 dir avg (298., 1500.
= 4.88 dSr avg (298., 1500.
= 2.35 dGr avg (298., 1500.
= 1.887E-02 Kc avg (298., 1500. K
dU(Kcat/mol) dS(cal/moL K) Kc
2.710E+00 4.617E+00 4.787E+00
2.232E+00 4.368E+00 5.210E+00
1.940E+00 4.231E+00 5.395E+00
K) =
K) =
K) =
K) =
dG(
-1
3.94
3.94
5.25
-. 78
1.551E+00
(Kcal/mol)
5.601E+00
6.724E+00
7.368E+00
3.94
3.94
5.25
-. 78
1.551E+00
(KcaL/mo)
5.601E+00
6.724E+00
r.368E+00
3.94
3.94
5.25
-. 78
1 .551E+00
:Kcat/mot)
.601E+00
6.723E+00
7.368E+00
TBHBDS + H
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) (")
dSr (cat/mot K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(KcaL/mot)
1800.00 2.711E+00
2050.00 2.233E+00
2200.00 1.942E+00
TBHBD5- +
= 3.81
= 3.81
= 4.88
= 2.35
= 1.887E-02
di(Kcal/mot)
2.711E+00
2.233E+00
1.942E+00
H2
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(cat/mol K) Kc
4.617E+00 4.787E+00
4.369E+00 5.210E+00
4.232E+00 5.395E+00
K) = 3.94
K) = 3.94
K) = 5.25
K) = -. 78
) = 1.551E+00
dG(Kcal/mot)
-5.600E+00
-6.723E+00
-7.368E+00
TBHBD6 + H = TBHBD6- + H2
dHr (kcat/mol) (298K) = 3.81 dHr avg (298., 1500. K) = 3.94
dU (dE) (kcat/moL) (") = 3.81 dUr avg (298., 1500. K) = 3.94
dSr (cat/mot K) ( " ) = 4.88 dSr avg (298., 1500. K) = 5.25
dGr (kcal/mol) ( " ) = 2.35 dGr avg (298., 1500. K) = -.78
Kc ( " ) = 1.887E-02 Kc avg (298., 1500. K ) = 1.551E+00
T (K) dH(Kcal/mot) dU(Kcat/mol) dS(cat/mot K) Kc dG(Kcal/mot)
-320-
=
1800.00
2050.00
2200.00
2.711E+00
2.234E+00
1.944E+00
TBHBD7 + H
dHr (kcal/mot) (298K)
dU (dE) {kcal/mot} (")
dSr (cal/moL K) ( )
dGr (kcal/mol} ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 2.711E+00
2050.00 2.235E+00
2200.00 1.945E+00
TBHBD8 + H
dHr (kcal/mol} (298K)
dU (dE) (kcal/mot} (")
dSr (cal/moL K) ( " )(
dGr (kcal/mo} ( " )(
Kc (")
T (K) dH(Kcal/mol)
1800.00 2.712E+00
2050.00 2.236E+00
2200.00 1.947E+00
TBHBD9 + H
dHr (kcal/mot} (298K)
dU (dE) (kcal/mo} (1")
dSr (cat/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 2.704E+00
2050.00 2.204E+00
2200.00 1.896E+00
Type 4 (all subtypes)
2 HB- = HBHBD1
dHr (kcat/mot} (298K)
di (dE) (kcal/mol) (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 -1.058E+02
2050.00 -1.052E+02
2200.00 -1.048E+02
2.711E+00
2.234E+00
1.944E+00
TBHBD7- + H2
4.617E+00
4.369E+00
4.232E+00
= 3.81 dHr avg (298.,
= 3.81 dUr avg (298.,
= 4.88 dSr avg (298.,
= 2.35 dGr avg (298.,
= 1.887E-02 Kc avg (298.,
dU(Kcat/mol) dS(cal/mot K)
2.711E+00 4.617E+00 4.
2.235E+00 4.370E+00 5.
1.945E+00 4.233E+00 5.
TBHBD8- + H2
= 3.81 dHr avg (298.,
= 3.81 dir avg (298.,
= 4.88 dSr avg (298.,
= 2.35 dGr avg (298.,
= 1.887E-02 Kc avg (298.,
dU(Kcal/mot) dS(cal/mol K)
2.712E+00
2.236E+00
1.947E+00
4.617E+00
4.370E+00
4.234E+00
4.
5.
5.
4.786E+00
5.209E+00
5.395E+00
-5.600E+00
-6.723E+00
-7.368E+00
1500. K) = 3.94
1500. K) = 3.94
1500. K) = 5.25
1500. K) = -.78
1500. K ) = 1.550E+00
Kc dG(Kcal/mot)
786E+00 -5.600E+00
209E+00 -6.723E+00
395E+00 -7.368E+00
1500. K
1500. K
1500. K
1500. K
1500. K
Kc
785E+00
209E+00
395E+00
TBHBD9- + H2
= 3.81 dHr avg (298., 1500. K)
= 3.81 dir avg (298., 1500. K)
4.88 dSr avg (298., 1500. K)
= 2.35 dGr avg (298., 1500. K)
= 1.887E-02 Kc avg (298., 1500. K )
dU(Kcal/mol) dS(cat/mol K) Kc
2.704E+00 4.612E+00 4.784E+00
2.204E+00 4.353E+00 5.204E+00
1.896E+00 4.207E+00 5.386E+00
= 3.94
= 3.94
= 5.25
= -. 78
= 1.550E+00
dG(Kcal/mol)
-5.599E+00
-6.722E+00
-7.368E+00
= 3.93
= 3.93
= 5.25
= -. 78
= 1.550E+00
dG(Kcat/mol)
-5.598E+00
-6.719E+00
-7.361E+00
= -108.92 dHr avg (298., 1500. K) = -108.37
= -108.33 dir avg (298., 1500. K) = -107.18
= -46.54 dSr avg (298., 1500. K) = -45.59
= -95.04 dGr avg (298., 1500. K) = -67.38
= 1.158E+71 Kc avg (298., 1500. K ) = 1.769E+18
di(Kcal/mol) dS(cal/mol K) Kc dG(Kcal/mot)
-1.022E+02 -4.306E+01 3.985E+05 -2.825E+01
-1.011E+02 -4.276E+01 1.244E+04 -1.753E+01
-1.005E+02 -4.260E+01 2.302E+03 -1.113E+01
HB- + HB
dHr (kcal/mol} (298K)
di (dE) (kcal/moL) (")
dSr (caL/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(KcaL/mol)
1800.00 5.023E+00
2050.00 5.560E+00
2200.00 5.849E+00
= HBHBD1 +
= -. 93
= -. 93
= -14.89
= 3.51
= 2.659E-03
di(Kcat/moL)
5.023E+00
5.560E+00
5.849E+00
H
dHr avg (298., 1500.
dir avg (298., 1500.
dSr avg (298., 1500.
dGr avg (298., 1500.
Kc avg (298., 1500. K
dS(cal/moL K) Kc
-6.754E+00 8.200E-03
-6.474E+00 9.820E-03
-6.338E+00 1.080E-02
K)
K)
K)
K))Q
.63
= .63
= -11.95
= 11.38
= 1.713E-03
dG(Kcat/mol)
1.718E+01
1.883E+01
1.979E+01
HB- + TB- = TBHBD1
dHr (kcat/mot) (298K) = -112.85
di (dE) (kcal/mol) (") = -112.26
dSr (caL/mol K) ( " ) = -43.87
dGr (kcat/mol) ( " ) = -99.77
Kc ( " ) = 3.375E+74
dHr avg (298., 1500. K)
dir avg (298., 1500. K)
dSr avg (298., 1500. K)
dGr avg (298., 1500. K)
Kc avg (298., 1500. K )
-321-
-112.10
-110.91
-42.56
-73.83
6.571E+19
)
)
)
)
)
T (K)
1800.00
2050.00
2200.00
dH(Kcal/mol)
-1.094E+02
-1.090E+02
-1.087E+02
HB- + TB
dHr (kcal/mol) (298K)
dU (dE) (kcal/mot) (")
dSr (cal/mol K) ( " )
dGr {kcal/mol} ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 4.782E+00
2050.00 5.271E+00
2200.00 5.542E+00
HB + TB-
dHr (kcal/moL) (298K)
di (dE) (kcat/mol) (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 1.355E+00
2050.00 1.778E+00
2200.00 1.996E+00
dU(Kcal/mot)
-1.058E+02
-1.049E+02
-1.043E+02
dS(cal/mot K)
-3.974E+01
-3.950E+01
-3.937E+01
Kc
5.911E+06
1.626E+05
2.821E+04
= TBHBD1 + H
= -.71 dHr avg (298., 1500.
= -.71 dir avg (298., 1500.
= -12.16 dSr avg (298., 1500.
= 2.92 dGr avg (298., 1500.
= 7.245E-03 Kc avg (298., 1500. K
dU(Kcat/mot) dS(cal/mot K) Kc
4.782E+00 -4.562E+00
5.271E+00 -4.307E+00
5.542E+00 -4.180E+00
TBHBD1 + H
= -4.86
= -4.86
= -12.22
= -1.21
= 7.749E+00
dU(Kcal/mot) d
1.355E+00
1.778E+00
1.996E+00
dHr avg (298
dUr avg (298
dSr avg (298
dGr avg (298
Kc avg (298.
S(cal/mot K)
-3.434E+00
-3.213E+00
-3.11OE+00
K)
K)
K)
K)
2.644E-02
3.137E-02
3.434E-02
., 1500. K
., 1500. K
., 1500. K
., 1500. K
1500. K
Kc
1.216E-01
1.283E-01
1.324E-01
dG(Kcal/mot)
-3.790E+01
-2.800E+01
-2.208E+01
= .77
= .77
= -9.38
= 9.20
= 5.804E-03
dG(Kcal/mot)
1.299E+01
1.410E+01
1.474E+01
= -3.10
= -3.10
= -8.92
4.92
= 6.363E-02
dG(Kcal/mot)
7.535E+00
8.364E+00
8.838E+00
Type 5-3
HBHBD2- = HBHBD3
dHr (kcat/mot) (298K)
di (dE) (kcal/moL) (")
dSr (cat/mot K) ( " )
dGr (kcal/mol) ( " )
Kc (I")
T (K) dH(Kcat/moL)
1800.00 1.089E+00
2050.00 1.053E+00
2200.00 1.032E+00
HBHBD3- = HBHBD4 4
dHr (kcal/mol) (298K)
di (dE) (kcat/mot) (")
dSr (cal/mat K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcat/mot)
1800.00 1.089E+00
2050.00 1.052E+00
2200.00 1.030E+00
HBHBD4- = HBHBD5 4
dHr (kcat/mot) (298K)
di (dE) {kcal/mol) (")
dSr (cal/mat K) ( " )
dGr (kcat/mot) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 1.089E+00
2050.00 1.051E+00
2200.00 1.028E+00
= 1.59 dHr avg (298., 1500. K)
= 1.00 dir avg (298., 1500. K)
= 12.00 dSr avg (298., 1500. K)
= -1.98 dGr avg (298., 1500. K)
= 1.164E+00 Kc avg (298., 1500. K
di(Kcat/mol) dS(cal/mol K) Kc
-2.487E+00 1.121E+01 1.407E+00
-3.020E+00 1.119E+01 1.281E+00
-3.339E+00 1.118E+01 1.215E+00
1.59
1.00
13.37
-2.39
2.319E+00
dU(Kcat/mol)
-2.487E+00
-3.021E+00
-3.341E+00
dHr avg
dir avg
dSr avg
dGr avg
Kc avg
dS(cal/mol
1.258E+01
1.256E+01
1.255E+01
= 1.59 dHr avg
= 1.00 dUr avg
= 12.00 dSr avg
= -1.98 dGr avg
= 1.164E+00 Kc avg
di(Kcal/mol) dS(cal/mol
-2.488E+00 1.121E+01
-3.023E+00 1.119E+01
-3.344E+00 1.118E+01
(298., 1500. K
(298., 1500. K:
(298., 1500. K:
(298., 1500. K:
(298., 1500. K
K) Kc
2.803E+00
2.553E+00
2.420E+00
(298.,
(298.,
(298.,
(298.,
(298.,
1500.
1500.
1500.
1500.
1500.
Kc
K
K
K)
K)
K )
1.407E+00
1.281E+00
1.215E+00
1.43
.24
1= 11.68
= -9.07
= 2.167E+00
dG(Kcal/mol)
-1.909E+01
-2.189E+01
-2.357E+01
1.43
.24
= 13.05
= -10.30
= 4.319E+00
dG(Kcal/mot)
-2.155E+01
-2.470E+01
-2.658E+01
) = 1.43
) = .24
= 11.68
= -9.07
= 2.167E+00
dG(Kcal/mol)
-1.909E+01
-2.189E+01
-2.357E+01
HBHBD5- = HBHBD6 + H
dHr (kcal/mol) (298K) =
di (dE) (kcal/mol) (") =
dSr (cat/mot K) ( " ) =
dGr (kcat/mat) ( " ) =
1.59 dHr
1.00 dir
13.38 dSr
-2.40 dGr
-322-
avg
avg
avg
avg
(298.,
(298.,
(298.,
(298.,
1500. K) =
1500. K) =
1500. K) =
1500. K) =
1.43
.24
13.06
-10.31
) =
Kc ( "1 ) = 2.330E+00 Kc avg (298., 1500. K
T (K) dH(Kcal/mol) dU(Kcal/moL) dS(cal/mol K) Kc
1800.00 1.089E+00 -2.488E+00 1.259E+01 2.817E+00
2050.00 1.049E+00 -3.024E+00 1.257E+01 2.565E+00
2200.00 1.025E+00 -3.347E+00 1.256E+01 2.432E+00
HBHBD6- = HBHBD7
dHr.,{kcal/mol) (298K)
dU (dE) (kcaL/moL) (")
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(KcaL/moL)
1800.00 1.089E+00
2050.00 1.047E+00
2200.00 1.021E+00
HBHBD7- = HBHBD8 +
dHr (kcal/mol) (298K)
dU (dE) (kcal/moL) (")
dSr (cat/mol K) ( " )
dGr (kcal/moL) ( " )
Kc ( " )
dH(Kcal/mot)
1.088E+00
1.045E+00
1.017E+00
) = 4.340E+00
dG(Kcal/mol)
-2.157E+01
-2.472E+01
-2.660E+01
= 1.59 dHr avg (298., 1500. K) = 1.43
= 1.00 dir avg (298., 1500. K) = .24
= 12.00 dSr avg (298., 1500. K) = 11.68
= -1.98 dGr avg (298., 1500. K) = -9.07
= 1.164E+00 Kc avg (298., 1500. K ) = 2.167E+00
di(KcaL/mot) dS(cat/mol K) Kc dG(Kcal/moL)
-2.488E+00 1.121E+01 1.407E+00 -1.909E+01
-3.026E+00 1.119E+01 1.281E+00 -2.189E+01
-3.350E+00 1.118E+01 1.214E+00 -2.356E+01
H
= 1.59 dHr avg (298., 1500. K) = 1.43
= 1.00 dkir avg (298., 1500. K) = .24
= 13.38 dSr avg (298., 1500. K) = 13.06
= -2.40 dGr avg (298., 1500. K) = -10.31
= 2.330E+00 Kc avg (298., 1500. K ) = 4.340E+00
di(Kcat/mol) dS(cal/mot K) Kc dG(Kcal/mot)
-2.488E+00 1.259E+01 2.817E+00 -2.157E+01
-3.029E+00 1.257E+01 2.565E+00 -2.472E+01
-3.354E+00 1.255E+01 2.432E+00 -2.660E+01
HBHBD8- = HBHBD9 + H
dHr (kcal/mol) (298K) =
di (dE) (kcal/mot) (") =
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " ) =
Kc (") =
T (K) dH(Kcat/mol) d
1800.00 1.096E+00
2050.00 1.069E+00
2200.00 1.056E+00
HBHBD9- = C60B + H
dHr (kcal/moL) (298K) =
di (dE) (kcal/mot) (") =
dSr (cal/mol K) ( " ) =
dGr (kcal/mol) ( " ) =
Kc (') =
T (K) dH(Kcal/mot) d
1800.00 2.675E+01
2050.00 2.559E+01
2200.00 2.491E+01
TBHBD2- = TBHBD3 + H
dHr (kcat/mol) (298K) =
di (dE) (kcal/mol) (") =
dSr (caL/mot K) ( " )
dGr (kcal/mot) ( " ) =
Kc (") =
T (K) dH(Kcal/mol) c
1800.00 -5.998E-01
2050.00 -7.830E-01
2200.00 -8.968E-01
TBHBD3- = TBHBD4 + H
dHr (kcal/mot) (298K) =
di (dE) (kcal/mol) (") =
dSr (caL/mol K) ( " ) =
dGr (kcat/mol) ( " ) =
Kc (") =
T (K) dH(Kcal/moL) d
1800.00 -5.976E-01
1.59
1.00
12.00
-1.98
1.164E+0(
U(Kcal/mol)
-2.480E+00
-3.004E+00
-3.316E+00
35.61
35.02
46.99
21.60
5.944E-18
U(Kcal/mol)
2.317E+01
2.151E+01
2.054E+01
dHr avg (298., 1500. K) =
dir avg (298., 1500. K) =
dSr avg (298., 1500. K) =
dGr avg (298., 1500. K) =
Kc avg (298., 1500. K ) =
dS(cal/mol K) Kc dG
1.121E+01 1.407E+00 -
1.120E+01 1.282E+00 -
1.119E+01 1.216E+00 -
dHr avg
dUr avg
dSr avg
dGr avg
Kc avg
dS(cal/mot
3.538E+01
3.477E+01
3.445E+01
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500.
(298., 1500. K
K) Kc
2.064E+02
4.427E+02
6.296E+02
.56 dHr avg (298., 1500. K)
-.03 dir avg (298., 1500. K)
23.88 dSr avg (298., 1500. K)
-6.56 dGr avg (298., 1500. K)
2.615E+03 Kc avg (298., 1500. K )
U(Kcal/mot) dS(cat/mot K) Kc
-4.176E+00 2.227E+01 5.911E+02
-4.856E+00 2.218E+01 5.070E+02
-5.268E+00 2.213E+01 4.658E+02
.56 dHr avg (298., 1500. K)
-.03 dir avg (298., 1500. K)
23.89 dSr avg (298., 1500. K)
-6.56 dGr avg (298., 1500. K)
2.628E+03 Kc avg (298., 1500. K )
U(Kcal/mot) dS(cal/mol K) Kc
4.174E+00 2.229E+01 5.947E+02
1.43
.24
11.68
-9.07
2.167E+00
(Kcat/mot)
1.909E+01
2.189E+01
2.357E+01
K) = 33.54
K) = 32.35
K) = 43.02
K) = -5.14
= 2.408E-01
dG(Kcal/mol)
-3.693E+01
-4.570E+01
-5.089E+01
= .28
= -. 91
= 23.30
= -20.67
= 1.437E+03
dG(Kcal/mot)
-4.069E+01
-4.625E+01
-4.957E+01
= .28
= -.91
= 23.31
= -20.68
= 1.445E+03
dG(Kcal/mot)
-4.072E+01
-323-
T (K)
1800.00
2050.00
2200.00
2050.00 -7.809E-01 -4.854E+00 2.219E+01 5.161E+02 -4.627E+01
2200.00 -8.947E-01 -5.266E+00 2.214E+01 4.687E+02 -4.960E+01
TBHBD4- = TBHBD5
dHr (kcat/mot) (298K)
dJ (dE) (kcal/mot) (")
dSr (cat/mot K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mot)
1800.00 5.524E+00
2050.00 5.589E+00
2200.00 5.624E+00
TBHBD5- = TBHBD6 + H
dHr (kcat/mot) (298K) =
dU (dE) (kcat/mol) (") =
dSr (cal/mol K) ( " )
dGr (kcal/mol) ( " ) =
Kc (") =
T (K) dH(Kcal/moL) c
1800.00 5.524E+00
2050.00 5.585E+00
2200.00 5.616E+00
TBHBD6- = TBHBD7
dHr (kcal/mot) (298K)
di (dE) (kcal/mot) (")
dSr (cat/moL K) ( " )
dGr (kcal/moL) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -5.944E-01
2050.00 -7.790E-01
2200.00 -8.936E-01
TBHBD7- = TBHBD8
dHr (kcal/mot) (298K)
di (dE) (kcal/mol) (")
dSr (cal/mo
dGr (kcal/
K
T (K)
1800.00
2050.00
2200.00
4.96 dHr avg (298., 1500. K) = 5.10
4.37 dUr avg (298., 1500. K) = 3.91
10.28 dSr avg (298., 1500. K) = 10.57
1.90 dGr avg (298., 1500. K) = -4.40
1.657E-03 Kc avg (298., 1500. K ) = 1.591E-01
dU(Kcal/mot) dS(cal/mol K) Kc dG(Kcal/mol)
1.948E+00 1.108E+01 3.818E-01 -1.442E+01
1.516E+00 1.112E+01 4.051E-01 -1.720E+01
1.252E+00 1.113E+01 4.147E-01 -1.887E+01
4.96
4.37
10.28
1.90
1.657E-03
U(Kcat/mo)
1.947E+00
1.511E+00
1.245E+00
dHr avg (298., 1500. K) =
dUr avg (298., 1500. K) =
dSr avg (298., 1500. K) =
dGr avg (298., 1500. K) =
Kc avg (298., 1500. K ) =
dS(cal/mol K) Kc dG(
1.108E+01 3.818E-01 -1
1.111E+01 4.051E-01 -1
1.113E+01 4.146E-01 -1
5.10
3.91
10.57
-4.40
1.591E-01
(Kcal/mol)
.442E+01
.720E+01
.887E+01
.56 dHr avg (298., 1500. K) = .28
= -.03 dir avg (298., 1500. K) = -.91
= 23.88 dSr avg (298., 1500. K) = 23.31
= -6.56 dGr avg (298., 1500. K) = -20.67
= 2.615E+03 Kc avg (298., 1500. K ) = 1.437E+03
di(Kcal/mot) dS(cat/mot K) Kc dG(Kcat/mot)
-4.171E+00 2.228E+01 5.923E+02 -4.070E+01
-4.852E+00 2.219E+01 5.081E+02 -4.626E+01
-5.265E+00 2.213E+01 4.669E+02 -4.958E+01
.56
-. 03
LK} (") = 23.88
mot) ( " ) = -6.56
c ( " ) = 2.615E+03
dH(Kcal/mol) dU(Kcal/mol)
-5.919E-01 -4.168E+00
-7.766E-01 -4.850E+00
-8.913E-01 -5.263E+00
dHr avg
dUr avg
dSr avg
dGr avg
Kc avg
dS(cal/mol
2.228E+01
2.219E+01
2.213E+01
(298., 1500. K) = .28
(298., 1500. K) = -.91
(298., 1500. K) = 23.31
(298., 1500. K) = -20.67
(298., 1500. K ) = 1.438E+03
K) Kc dG(Kcal/mot)
5.930E+02 -4.070E+01
5.087E+02 -4.626E+01
4.675E+02 -4.959E+01
TBHBD8- = TBHBD9
dHr (kcal/moL) (298K)
di (dE) (kcal/moL) (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (')
T (K) dH(Kcal/mot)
1800.00 5.532E+00
2050.00 5.610E+00
2200.00 5.657E+00
TBHBD9- = C70B
dHr (kcal/mol) (298K)
di (dE) (kcal/mot) (")
dSr (cal/moL K) ( " )
dGr (kcal/mol) ( " )
Kc (")
T (K) dH(Kcal/mol)
1800.00 1.652E+01
2050.00 1.561E+01
2200.00 1.508E+01
= 4.96 dHr avg
= 4.37 dir avg
= 10.29 dSr avg
= 1.90 dGr avg
= 1.666E-03 Kc avg
di(Kcat/mot) dS(cal/mol
1.956E+00 1.110E+01
1.537E+00 1.114E+01
1.285E+00 1.116E+01
(298.,
(298.,
(298.,
(298.,
(298.,
K)
1500. K
1500. K
1500. K
1500. K
1500. K
Kc
3.838E-01
4.075E-01
4.173E-01
= 23.24 dHr avg (298., 1500. K)
= 22.65 dir avg (298., 1500. K:
= 47.13 dSr avg (298., 1500. K:
= 9.19 dGr avg (298., 1500. K:
= 7.463E-09 Kc avg (298., 1500. K
di(Kcal/mol) dS(cat/mol K) Kc
1.294E+01 3.832E+01 1.589E+04
1.153E+01 3.785E+01 2.414E+04
1.071E+01 3.760E+01 2.909E+04
= 5.11
3.92
= 10.58
= -4.41
= 1.599E-01
dG(Kcal/mot)
-1.444E+01
-1.722E+01
-1.889E+01
= 21.69
= 20.50
= 44.13
= -17.99
= 3.199E+02
dG(Kcal/mot)
-5.247E+01
-6.199E+01
-6.764E+01
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Type 5-3(rot)
HBHBD1- = HBHBD2
dHr (kcal/mot) (298K)
dU (dE) (kcal/mol) ("1)
dSr (cal/moL K) ( " )
dGr (kcat/mol) ( " )
Kc (")
T (K) dH(Kcat/moL)
1800.00 -2.847E+01
2050.00 -2.789E+01
2200.00 -2.752E+01
TBHBD1- = TBHBD2
dHr (kcal/mol) (298K)
dU (dE) {kcal/mol) (")
dSr (caL/moL K) ( " )
dGr (kcal/mot) ( " )
Kc (")
T (K) dH(Kcal/moL)
1800.00 -1.081E+01
2050.00 -1.033E+01
2200.00 -1.003E+01
= -29.91 dHr avg (298., 1500. K) = -29.87
= -30.50 dUr avg (298., 1500. K) = -31.06
= 1.72 dSr avg (298., 1500. K) = 1.79
= -30.42 dGr avg (298., 1500. K) = -31.48
= 8.146E+20 Kc avg (298., 1500. K ) = 6.081E+05
dU(Kcal/mot) dS(cal/mol K) Kc dG(KcaL/mol)
-3.205E+01 2.844E+00 8.113E+01 -3.359E+01
-3.197E+01 3.145E+00 2.723E+01 -3.434E+01
-3.189E+01 3.322E+00 1.596E+01 -3.482E+01
H
= -12.05 dHr avg (298., 1500. K) = -11.95
= -12.64 dUr avg (298., 1500. K) = -13.14
= 8.09 dSr avg (298., 1500. K) = 8.33
= -14.46 dGr avg (298., 1500. K) = -19.45
= 1.623E+09 Kc avg (298., 1500. K ) = 7.233E+02
cJ(KcaL/mol) dS(cal/mol K) Kc dG(Kcal/mot)
-1.438E+01 9.330E+00 1.520E+01 -2.760E+01
-1.441E+01 9.577E+00 9.305E+00 -2.997E+01
-1.440E+01 9.721E+00 7.312E+00 -3.141E+01
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